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Preface 
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Each paper has been published, in review or in prep for peer reviewed journals at the time 
of submission of this thesis. While each paper is linked, each was written as stand-alone 
journal articles and submitted to a range of journals, therefore there is some unavoidable 
repetition between chapters, particularly in the methods sections as the same study design 
was used for all of the empirical research presented here. There may be some small 
differences between the papers depicted here and the published versions in journals due 
to copyediting and style differences.  
The format and structure of this thesis comply with the Australian National 
University’s guidelines for “Thesis by Compilation”. Therefore, the thesis begins with an 
introduction which outlines the background and relevant literature of the topic, but is not 
designed to be an extensive literature review. The papers that make up the thesis provide 
more detailed discussion of the relevant literature, particularly Papers I and V.  
I performed the majority of the work presented in the papers for this thesis. This 
included: research question formation, designing the study, finding study sites, planning 
the field work, building relationships with land holders, finding volunteers, sourcing 
funding, performing fieldwork, data collation, statistical analysis, and writing. My 
supervisors (Philip Barton, Don Driscoll and David Lindenmayer) aided with study 
design and conceptualisation, advised on analysis and manuscript revisions. I also sought 
statistical advice from statisticians to ensure the statistical methods were robust (Wade 
Blanchard and Jeff Wood). Other assistance has been acknowledged in the 
acknowledgement sections of each paper and in the acknowledgement section of the 
thesis (see below for list of papers and contributions). 
All photos were taken by myself or Ian Pulsford 
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Abstract 
Managing agricultural landscapes for biodiversity conservation is increasingly 
difficult as land use is intensified for agricultural production. Finding ways to mitigate 
the often negative effects of agriculture on biodiversity is therefore critical: Using reptiles 
and frogs as focal taxa, my broad aim was to examine the effect of different human-
modified land cover types on biodiversity in a grazing landscape. I present my thesis as a 
series of five conceptually linked journal papers that together address this applied 
ecological problem. 
I surveyed reptiles and frogs at 12 sites Box Gum Grassy Woodland grazing 
landscapes in south-eastern Australia. Each site contained remnant woodland patches and 
four adjacent paddock types: a) grazed pastures, b) linear plantings, c) coarse woody 
debris added to grazed pastures, and d) fences between grazed pastures. Each site was 
either continuously or rotationally grazed.  
In my first paper, I compared the habitat preferences of reptile and frog species to 
predictions developed from five conceptual landscape models. Importantly, no one model 
fully captured the range of species responses to the different land uses, but four of the 
models provided useful concepts to aid our understanding of faunal responses to human-
modified landscapes. It is important that relevant conceptual models are used by 
researchers as the different models can result in very different outcomes. These types of 
models can help inform management, but all models have limitations and often cannot 
provide useful management recommendations. 
In my second paper, I recorded higher reptile abundance and species richness in 
areas with more tree cover and leaf litter, and greater abundance and diversity of rare 
reptiles in sites with high tree cover in the surrounding 3kms. Management 
recommendations include: protecting existing remnant vegetation, regardless of amount, 
and promoting key habitat features of trees, leaf litter and shrubs. Establishing plantings 
and fences in paddocks can also provide habitat in grazing landscapes. 
In my third paper, I found that frogs were influenced by both land use and the 
environmental conditions, and often responded to interactions between these variables. 
Frog abundance decreased with distance to water more strongly in remnants than 
paddocks, and rare frog richness and the abundance of Limnodynastes tasmaniensis 
increased with taller ground cover in remnants but not adjacent paddocks. Retaining 
remnant vegetation, maintaining water bodies such as farm dams, and maintaining taller 
ground cover within remnant vegetation may therefore benefit frog assemblages. 
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Environmental context and current management must be considered in planning future 
management actions. 
In my fourth paper, I found that reptiles and frogs displayed contrasting movement 
behaviours. For example, recaptured reptiles exhibited greater movement within and out 
of paddocks than remnants. However, the smooth toadlet (Uperoleia laevigata) moved 
within remnants more than within paddocks, while the spotted marsh frog (Limnodynastes 
tasmaniensis) moved out of pasture transects more than other transects. Reptiles and frogs 
appear to use the whole landscape as habitat and but perceive different land management 
types as different qualities of habitat.  
My fifth paper synthesised the state of knowledge of reptiles in woodland 
agricultural landscapes in south-eastern Australia. I highlight the key factors influencing 
these reptiles, synthesise the management implications, and outline future research needs. 
My research has provided new insights into how reptiles and frogs are influenced 
by land use in grazing landscapes. Importantly, I found that commonly discussed 
ecological concepts applied to human-modified landscapes did not provide a useful 
framework for understanding/predicting biodiversity responses to land cover types.  
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Chapter 1: Context Statement 
1.1 Introduction 
Biodiversity loss 
The vast majority of the earth’s terrestrial surface has been modified by human 
activity. Human modification of land, as well as other human-induced factors such as 
climate change, facilitating spread of pathogens and invasive species, overexploitation of 
resources, pollution, and direct killing of species, are triggering extinctions and loss of 
biodiversity well above the background rate (Secretariat of the Convention on Biological 
Diversity (CBD), 2010; Barnosky et al., 2011). Conservation efforts around the globe 
have attempted to prevent this loss, and in some cases succeeded (Hoffmann et al., 2010), 
but much still needs to be done. Protected areas are an important part of conserving 
biodiversity into the future and slowing the rate of biodiversity loss, but other additional 
actions are needed outside these areas and the current global terrestrial network is 
insufficient to protect current threatened species (Venter et al. 2014). 
 
Agriculture 
Agricultural land use covers approximately 38% of the world terrestrial surface 
(as of 2011) (FAO, 2017) and livestock production (for grazing and fodder) accounts for 
the largest portion (FAO, 2009). Agricultural land use is major threat to biodiversity 
globally (Garnett et al., 2013; Maxwell et al., 2016), but it can also be part of the solution 
(Tscharntke et al., 2012; Kremen, 2015). There has been considerable debate in the 
literature regarding land sparing (using a small area for intensive agricultural production 
with high yields so that other areas can be used for wildlife) and land sharing (larger area 
for agricultural production that is low yielding and wildlife friendly) (Fischer et al., 2014; 
Kremen, 2015). This debate, while worthwhile, can get in the way of action and a possible 
way forward is that suggested by Kremen (2015), which is to conserve biodiversity in 
agricultural landscapes using a “both and” approach. This means that while we should 
strive to have a well maintained network of protected areas, we also need to promote 
biodiversity in agricultural and other human-modified landscapes (Sayer et al., 2013; 
Kremen, 2015). The twinned goals of food security and biodiversity conservation do not 
need to be opposing and can be addressed in concert (Chappell and LaValle, 2011; 
Wittman et al., 2016). 
2 
 
In Australia, 88% of the total agricultural land use is used for grazing livestock 
(Australian Bureau of Statistics, 2013). Grazing practices throughout the country have 
had long-lasting impacts on native ecosystems (Lunt et al., 2007). Given Australia’s role 
in the global economy as a food exporting nation, and the current plans to increase staple 
commodity exports, further pressures on grazing landscapes will continue to emerge 
(DAFF, 2013).  
The tablelands and inland slopes of eastern Australia were once dominated by 
open woodland but are now largely cleared for grazing. Only small patches of remnant 
vegetation and scattered aging paddock trees remain in the landscape. A recent meta-
analysis of grazing in Australia indicated that grazing, and particularly intensive grazing, 
has a generally negative effect on the ecosystem structure, function and composition 
(Eldridge et al., 2016).  
 
The matrix 
A key part of agricultural landscapes is the “matrix”, and the concept of the matrix 
is a very commonly discussed topic in the ecological literature on human-modified 
landscapes. The matrix can be defined as an extensive human-modified land cover in 
which patches of other land cover types are embedded and in which patch dependent 
species cannot form self-sustaining populations (Driscoll et al., 2013). The matrix can 
have a range of effects on species, by influencing the conditions and disturbance regimes 
in remnant patches, filtering dispersal, and providing resources (Gascon et al., 1999; 
Lindenmayer and Franklin, 2002; Kupfer et al., 2006; Kennedy et al., 2010). The matrix 
is species-specific and temporally dynamic, so that what one species perceives to be the 
matrix may not be so for another species and the status of the matrix may change over 
time (Kupfer et al., 2006; Driscoll et al., 2013). 
There are a number of factors that have been shown to influence the matrix’s 
effect on a species or individual. These include: the matrix type (e.g. Ricketts, 2001; 
Kennedy et al., 2010; Templeton et al., 2011), size and pattern of the matrix (e.g. 
Templeton et al., 2011), proximity to other features (Luck and Daily, 2003), and the taxa 
of interest (Gascon et al., 1999). Generally, the more similar the matrix is to a habitat 
patch, the higher the quality of the matrix, and the better the matrix is at facilitating 
movement (Prevedello and Vieira, 2010; Eycott et al., 2012). Driscoll et al. (2013) 
identified three core processes and five dimensions that can affect the influence of the 
matrix on populations. The three core processes are: dispersal, resources and the abiotic 
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environment. These can be influenced by the spatial variety and scale of the matrix, the 
temporal variation in the matrix, the interaction of demographic factors with the temporal 
scale of changes and the adaptive responses of species. These above factors suggest that 
the matrix can be managed to improve the ability of animals to move through and utilise 
the matrix. 
While the concept of the matrix has shaped a lot of ecological theory (Driscoll et 
al., 2013), not all species perceive human-modified land cover to be matrix and some can 
use this human-modified land cover as habitat, at least some of the time (e.g. Blaum and 
Wichmann, 2007). It is therefore important to understand whether biota experience land 
cover types as matrix or habitat, as this will influence the optimal management of the 
landscape. Conservation in agricultural areas can either focus on improving the quality of 
patches of non-production areas or improving the quality of the agricultural matrix. Both 
strategies are equally valid and the correct mix will depend on the specific context 
(Ekroos et al., 2016). My research examines both patches of less production-intensive 
areas (remnants of vegetation and plantings) as well as management actions that improve 
the habitat quality of agricultural paddocks (alternative grazing regimes, addition of 
coarse woody debris and fence lines).  
 
Reptiles and frogs 
In this thesis, I focus on reptiles and frogs in grazing agricultural landscapes. 
Globally, 19% of reptiles are considered threatened and agriculture is the most common 
threat to terrestrial reptiles (Böhm et al., 2013). Terrestrial reptiles have relatively small 
range sizes, often narrow substrate specialisation, limited dispersal abilities, and 
thermoregulatory constraints which make them particularly vulnerable to land use and 
climate change (Gibbons et al., 2000; Kearney et al., 2009; Böhm et al., 2013). Across 
Australia, reptiles have been found to have different species richness patterns to other 
vertebrates. For example, higher species richness is found in warm dry areas such as the 
centre of the continent and low species richness occurs on the east coast (Powney et al., 
2010). The impact of grazing on reptiles appears to be complicated and influenced by 
other factors such as past practices and the climate (Kay et al., 2016; Rotem et al., 2016) 
but intensive grazing by both livestock and native herbivores in Australia generally has a 
negative impact on reptiles (Michael et al., 2008; Michael et al., 2010; Manning et al., 
2013; Howland et al., 2014). 
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The second group I examined was frogs. Amphibians are threatened globally by 
habitat loss, disease, climate change, pollution, introduced species, and overexploitation 
(Stuart et al., 2004). At a continental scale in Australia, frog species richness exhibits a 
negative relationship with temperature, so that higher richness occurs in cooler regions, 
but there is local variation in this pattern (Powney et al., 2010). There is a strong link 
between amphibians and rainfall, with rainfall particularly influencing breeding and 
migration (Semlitsch, 2008; Wassens et al., 2013). Due to the two-phased life cycle of 
frogs, most species require both fresh water bodies and terrestrial habitat throughout 
different stages of their lifecycles, and must be able to access both (Semlitsch, 2002; 
Becker et al., 2010). Research on frogs in agricultural landscapes, particularly focusing 
on terrestrial habitat, is limited and this research will help fill this research gap.  
 
1.2 Research Questions and Aims 
The overarching aim of this thesis is to understand how reptiles and frogs use the 
different land cover types in a common human-modified land use – livestock grazing. 
This information can help guide conservation planning, restoration and farming practices. 
I structured my thesis around five papers that address my overarching aim through three 
different approaches. First, in Paper I, I examine how relevant a range of conceptual 
landscape models are for reptiles and frogs in a grazing landscape. This paper aims to 
refine our understanding of these conceptual models, which can play a large part in 
shaping land management decisions. Second, the middle three papers are empirical papers 
in which I examine the influence of land management on reptiles (Paper II), frogs (Paper 
III) and how land management influences the movement of reptiles and frogs (Paper IV). 
In the final paper (Paper V), I synthesise the state of knowledge of conservation of reptiles 
in grazing landscapes of south-eastern Australia to bring together the implications of my 
research and that of others for the conservation of reptiles in these landscapes. Each paper 
has individual questions and each examines the greater problem from different angles 
(see Figure 1 for research questions and links between papers). 
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Figure 1. Graphical representation of research questions and links between scientific articles. 
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1.3 Methods 
The majority of the work I conducted for my thesis involved surveys of reptiles 
and frogs on 12 properties in the Central and Southern Tablelands, NSW (Fig. 2). My 
study design was a nested design covering different land management types in grazing 
landscapes that were: 1) retained remnants of woodland, 2) grazing regime (continuous 
vs rotational grazing), and 3) paddock types (open pasture, fence line in open pasture, 
coarse woody debris added to open pasture and fenced linear planting surrounded by open 
pasture). Approximately half of the farms were grazed by sheep or cattle continuously 
(7/12) and the other half were grazed rotationally (5/12). It was not possible to find an 
even number of farms that contained all of the land management types so the design was 
unbalanced. These land management types were chosen as they provide contrasting 
examples of common management actions and land uses in grazing landscapes.  
 
 
Figure 2. Maps of the study region. a) Map of Australia indicating study region, b) map 
indicating study sites. Yellow circles indicate continuously grazed properties and blue triangles 
indicate rotationally grazed properties. 
 
Each of the twelve farms contained three or four transects, with each transect 
running from within a woodland remnant for half of its length and into one of the paddock 
types for the other half (Fig. 3). Each farm contained a transect in each of pasture, coarse 
woody debris and fence paddock types. Half of the farms also contained a transect in a 
linear planting, as it was challenging to find a full suite of farms in the region that had 
appropriate plantings connected to remnants. For further detail on the management types 
see the methods section of Paper II. 
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Figure 3. Stylised diagram of the study design. Each of the 12 farms contained three transects 
that surveyed in a remnant and in one of three paddock types (pasture, coarse woody debris 
added and fence). Half of the farms also contained a forth transect of a linear planting. Each 
trapping array consisted of two pitfall traps, 2 funnel traps and a 10m long drift fence.  
 
I installed pitfall traps and coarse woody debris between October 2013 and early 
January 2014. I performed 5 surveys for reptiles and frogs: round 1 in late summer (Jan 
–March 2014), round 2 in spring (Oct -Nov 2014), round 3 in early summer (Dec 2014 –
Jan 2015), round 4 in mid-summer (Jan – Feb 2015) and round 5 in later summer (Feb – 
March 2015). Each trapping array consisted of two pitfall traps and two funnel traps along 
a 10 metre long drift fence, with one of each type of trap on either side of the drift fence. 
Each transect contained six trapping arrays, with three arrays in the remnant at 20, 50 and 
80m from the edge and three arrays in the paddock type at 20, 50 and 80m from the edge.  
 
Pitfall traps were 15L buckets dug into the ground so that the lip was level with 
the surface (see Fig. 4). Each pitfall trap contained a piece of wooden board and a half 
piece of PVC pipe to provide shelter and thermoregulatory opportunities. Funnel traps 
were made from green shade cloth (Terrestrial Ecosystems, Perth, Australia), and I placed 
a piece of shade cloth over each trap to reduce heat stress and desiccation of animals. I 
also placed a wet cloth into both trap types and rewetted the cloth regularly to provide 
moisture for the animals. Drift fences are known to improve trapping success rate 
(Moseby and Read, 2001) and the use of multiple trap types is complementary and results 
in a broader range of species captured (Greenberg et al., 1994). 
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Figure 4. Two trap types used with the field surveys: a) pitfall traps, b) funnel traps  
 
All captured reptiles and frogs were identified, measured, weighed, photographed 
and marked using Visible Implant Elastomer (VIE) (see Paper IV) before being released 
on the other side of the drift fence from the capture point.  
 
Vegetation structure and ground cover height were recorded in the 10m radius 
circle around each trap array. The area of remnants, distance to nearest water body, and 
proportion of woody vegetation within 3km was determined using satellite imagery and 
Zonal Statistics (ESRI, 2013). Temperature and weather data were obtained from the 
nearest Bureau of Meteorology weather station to each site (see Chapter 2 Appendix S1 
for distances of each weather station). I also determined the elevation using a GPS, the 
aspect using compass and slope using a clinometer. 
 
1.4 Summary of outcomes 
Paper I: Reptiles and frogs conform to multiple conceptual landscape models 
in an agricultural landscape 
In Paper I, I tested the predictions developed from a suite of conceptual landscape 
models against empirical data of reptile and frog response to grazing landscapes. I found 
that no single model was universally consistent with each species, but at least one species 
responded in a manner that was congruent with a prediction from each model. Most 
species responded in a manner consistent with the Continuum model (Fischer and 
Lindenmayer, 2006), i.e. these species responded to gradients of environmental variables, 
and species-specific responses were observed. The responses of rare reptile abundance 
and richness, and one frog species were congruent with the predictions of the Habitat 
Amount Hypothesis (Fahrig, 2013) and one third of responses were congruent with the 
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Matrix Quality model (Perfecto and Vandermeer, 2010). The main prediction that was 
tested of the Matrix Tolerance model (Gascon et al., 1999) was upheld by both reptiles 
and frogs. Few species were consistently congruent with the predictions from the 
concepts of Island Biogeography theory (MacArthur and Wilson, 1967). 
Conceptual models can be a useful mechanism for understanding systems. The 
particular landscape conceptual model that is used in research and management planning 
is important as vastly different outcomes will be achieved through using the different 
concepts and caution must be used, as no single model fully captured the range of species 
responses. I found that the Continuum model, Matrix Quality model, Matrix Tolerance 
model, and Habitat Amount hypothesis all led to predictions that were complementary 
and together could explain the majority of reptile and frog responses to the agricultural 
landscape.  
 
Paper II: Remnant vegetation, plantings, and fences are beneficial for 
reptiles in agricultural landscapes 
In Paper II, I examined the influence of land management types and environmental 
variables on the abundance, richness and presence of reptiles in the grazing landscape. I 
found that vegetation was the most important overarching factor influencing the reptiles 
and that this had effects at multiple scales. There was higher reptile abundance and 
richness in areas with higher tree and leaf litter cover and higher counts in remnant 
vegetation, regardless of patch size. I found an increase in richness and abundance of rare 
reptile species in sites with 50% cover of woody vegetation compared to 5% cover (2.6 
more species and 5.7 more animals). There was also higher richness and abundance of 
rare reptiles and the common species Carlia tetradactyla in linear plantings and along 
fences compared to open pasture and coarse woody debris addition to open pasture. 
These findings suggest that grazed paddocks can provide habitat for reptiles and 
that the discrete differentiation between patch and matrix is not relevant for reptiles in 
these systems. Beneficial management actions for reptiles in grazing landscapes include: 
promoting overall tree cover as well as local vegetation attributes such as trees, litter and 
shrubs; protecting existing vegetation remnants of all sizes; and establishing plantings 
and fences in appropriate locations in the grazing landscape. 
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Paper III: Interactive effects of land use, grazing and environment on frogs 
in an agricultural landscape 
In Paper III, I examined the influence of land management types and 
environmental variables on frogs in the grazing landscape. I found that the frog 
assemblage often responded to interactions between management types and 
environmental variables. Total frog abundance decreased with distance to water more 
strongly in remnants compared to paddocks. Rare species richness and abundance of the 
common species Limnodynastes tasmaniensis increased with taller ground cover in the 
remnants but not in the paddocks. Total frog species richness had a steeper positive 
relationship with high rainfall in continuously grazed properties and the shallower 
relationship in rotationally grazed properties. I found that both land management types, 
environmental variables and their interactions influence the frog assemblage in the 
grazing landscape. My findings suggest that beneficial management actions for frogs in 
grazing landscapes include retaining remnants of vegetation, maintaining fresh water 
bodies such as farm dams and encouraging tall ground cover in remnant vegetation.  
 
Paper IV: Reptiles and frogs use most land cover types as habitat in a fine-
grained agricultural landscape 
In Paper IV, I examined the movement of reptiles and frogs in the grazing 
landscape using mark-recapture data. I found that reptiles moved within, and out of 
paddocks more than within and out of remnants of woodland. In contrast, the smooth 
toadlet Uperoleia laevigata moved more within remnants than paddocks, and the spotted 
marsh frog Limnodynastes tasmaniensis moved out of grazed pasture more than out of 
the coarse woody debris treatment or fence line. Most recaptured reptiles and frogs were 
captured in the same trapping arrays as the previous capture event, but some recaptures 
of frogs were up to 719m away from the previous capture location and some reptiles were 
capture up to 1326m away. The directional trapping did not provide valid inferences about 
the future direction of movement for reptiles and frogs. My findings suggest that the 
movement of both reptiles and frogs are influenced by the land use type and that they can 
use and move through all the land use types investigated in the grazing landscape.  
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Paper V: Conserving reptiles in agricultural woodland landscapes of south-
eastern Australia: a synthesis 
In Paper V, I synthesised the knowledge of reptile conservation in grazing 
woodland landscapes of south-eastern Australia. I also provided a conceptual synthesis 
of variables that influence reptile populations in these landscapes and identified the 
management implications of the body of knowledge on reptiles in these systems. 
Important environmental variables for reptiles in these landscapes include: trees, old-
growth/remnant vegetation, ground cover, rocks and woody debris. Management 
variables include grazing, fertiliser addition, and agricultural land use. Other non-
management factors such as climate, latitude and elevation can interact, mediate and 
enhance the influence of other factors. Beneficial management for reptiles in these 
landscapes must take a whole of landscape approach with different actions occurring at 
different scales. Key management actions include: restoration and protection of 
vegetation attributes (remnant vegetation, tree cover and ground cover especially), 
leaving rock and woody debris in situ, and limitation of grazing from sensitive areas such 
as rocky outcrops, new plantings and remnant vegetation.  
 
1.5 Conclusions 
In this thesis, I have examined the influence of management practices and 
environmental context on reptiles and frogs in grazing landscapes. I found that reptiles 
and frogs use the whole of the production landscape and the binary lens of patch versus 
matrix is not appropriate in this system. Reptiles and frogs responded to gradients of 
conditions and did not respond to discrete boundaries between land cover types. Reptiles 
and frogs displayed contrasting responses to management and their environment, so that 
data from these groups should not be pooled when planning research or management 
actions. Additionally, I found that the individual species had specific responses which 
presents a research and management challenge as it is expensive and time consuming to 
gather sufficient data on all species. My research highlights the challenge of how to 
develop better conceptual models that are both useful for researchers and land managers, 
do not require excessive data inputs, as well as being representative of these complex and 
multifaceted systems. 
 
My research has focused on the conservation of reptiles and frogs in commodity 
production landscapes. I showed that landscapes could be managed for the duel purposes 
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of production and conservation. Management actions that improve the structure of grazed 
paddocks including plantings and fences can improve the conservation potential of 
grazing landscape for reptiles, as can higher percentage cover of trees and local vegetation 
structure. For frogs, the number and distribution of water bodies in relation to other 
habitat is vital for reproduction and ongoing persistence in the landscape and ground 
cover height and interactions between variables also play a role. Retaining remnants of 
native vegetation is important for both reptiles and frogs. The reptile and frog populations 
in these landscapes appear to be depauperate and drastic actions such as translocations 
may be required if populations are not able to recolonise the landscape naturally.  
 
My research also has highlighted some research gaps that require future attention. 
Our lack of understanding of how reptiles and frogs move in, and through, these 
landscapes is an obvious knowledge gap. Better understanding of movement in these 
landscapes would allow better planning of the configuration, size, and relationships 
between land cover types so that animals can move through and persist in these modified 
landscapes. Further research is also required on the influence of interspecific interactions 
on reptile and frog responses to land cover types and management actions as interspecific 
interactions can influence behaviour and costs of movement.  
 
My research has increased knowledge on how reptiles and frogs in grazing 
landscape and respond to management types. I have provided a range of management 
recommendations and implications from this research that can inform future research and 
land management.  
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Chapter 2: Reptiles and frogs conform to 
multiple conceptual landscape models in 
an agricultural landscape 
 
 
 
The matrix as a hostile sea – sensu concepts from Island Biogeography theory 
 
 
 
In this paper, I tested the predications developed from a suite of conceptual 
landscape models against empirical data of reptile and frog response to grazing 
landscapes. While conceptual models are useful mechanism for understanding systems, 
it is important that appropriate models are used, as deleterious outcomes may occur from 
using inappropriate models for the landscape and study species. 
 
 
 
 
 
Pulsford, S. A., Driscoll, D. A. and Lindenmayer, D. B., (2017) Reptiles and frogs 
conform to multiple conceptual landscape models in an agricultural landscape. Diversity 
and Distributions, available at: http://dx.doi.org/10.1111/ddi.12628.  
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2.1 Abstract 
Aim 
Effective management of biodiversity in human-modified landscapes demands an 
understanding of how biotas respond to landscape features and management actions. Yet, biotic 
responses are complex and varied, resulting in numerous conceptual mod- els being developed to 
aid interpretation and generalization. We examined the rele- vance of a range of conceptual 
landscape models that describe how the distribution of habitat influences species richness, 
abundance, occurrence and spatial dynamics, using an empirical data set of reptile and frog 
responses to agricultural management.  
Location 
South-eastern New South Wales, Australia. 
Methods 
We tested predictions developed from five conceptual landscape models using data 
collected from five land cover types and two grazing regimes. 
Results 
At least one species responded in a manner consistent with each of the five conceptual 
models tested. Most species responded to gradients of environmental variables and species-
specific responses were observed, in congruence with the Continuum model. No species were 
consistently congruent with predictions from concepts of Island Biogeography theory. One third 
of responses were congruent with the Matrix Quality model. The main prediction tested from the 
Matrix Tolerance model was upheld by both reptile and frog species. The predictions of the 
Habitat Amount hypothesis were upheld by rare reptile abundance and richness, and one frog 
species.  
Main Conclusions 
Our study suggests that most conceptual models have some relevance to real 
world systems and can be useful for interpreting biotic responses to landscape change and 
management. Importantly, no one model fully captured the range of species responses to 
our agricultural landscape, but the Continuum model, Matrix Quality model, Matrix 
tolerance model, and Habitat Amount hypothesis had complementary predictions that 
together appeared to explain most of the assemblage’s responses to the management and 
environmental conditions of the agricultural landscape. 
Key words:  
Continuum, habitat amount hypothesis, human modified landscape, island biogeography 
theory, landscape ecology, matrix   
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2.2 Introduction 
Human modification of landscapes has many effects on biota via changes to soil, 
local climate, water, dispersal pathways, and the spread of disease (Foley et al., 2005; 
Brearley et al., 2013). Understanding the processes by which landscape modification 
influences biota is further complicated by the fact that species perceive and interact with 
the structure and cover of landscapes in many different ways (Baguette et al., 2013; 
Manning et al., 2004). Consequently, many conceptual models have been developed to 
help understand, interpret, and generalise how different attributes of landscapes influence 
biodiversity (Table 1). A core part of many landscape models has been the incorporation 
of the ‘matrix’, which often plays a large role in how species interact with or move 
through their environment (Prevedello and Vieira, 2010). The matrix is the dominant form 
of modified land cover with other types of land cover embedded in it and does not support 
self-sustaining populations of patch dependent species (sensu Forman, 1995; Driscoll et 
al., 2013). 
Like many scientific models, landscape conceptual models started with relatively 
simple ideas, and while some have become more detailed and sophisticated over time as 
new data were gathered, most are still relatively simple (Table 1). Landscape conceptual 
models have been characterised by a strict dichotomy between patches and the matrix, 
which began with Island Biogeography theory (MacArthur and Wilson, 1967), continued 
with much discussion about fragmentation theory, particularly in the 1970s and 1980s 
(reviewed by Haila, 2002), the Patch Corridor Matrix model (Forman, 1995), and more 
recently, the total amount of habitat (Fahrig, 2013). However, recognising that different 
species are likely to view the landscape in different ways, landscape conceptual models 
have also been defined as continua of environmental conditions (Fischer and 
Lindenmayer, 2006) and in a variegated manner (McIntyre and Barrett, 1992). The 
importance of the matrix in species’ responses has become increasingly apparent and has 
given rise to a variety of models that focus on the influence of the matrix on biota such 
as the Matrix Quality model (Perfecto and Vandermeer, 2010), the Matrix Tolerance 
model (Gascon et al., 1999), and the Pancake model (Driscoll et al., 2013).  
Use of different landscape conceptual models to guide empirical studies can lead 
to different management recommendations for biota, and it is therefore important that the 
most appropriate one is chosen according to the landscape and taxa of interest 
(Lindenmayer et al., 2003; Ingham and Samways, 1996). For example, if Island 
Biogeography-based concepts are used, land management for conservation will focus on 
large discrete patches of habitat, and the positive and negative influences of the 
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surrounding matrix may not be considered or managed (Goeden, 1979; see Forman, 1995; 
e.g. Elton, 1975). Conversely, if matrix models are used as the lens through which to view 
the landscape, then the management focus would be on how to manipulate the matrix 
(rather than patches) for better biodiversity outcomes, and the need for large areas of 
contiguous habitat may be de-emphasised (but see Driscoll et al., 2013 p. 609).  
Few studies have empirically tested the relevance of a range of landscape models 
in a fragmented landscape. In an agricultural landscape that was structured like a patch-
matrix landscape from a human-perspective, we sought to discover how species perceive 
the landscape, and therefore which of five conceptual models (summarised in Table 1) is 
most relevant. We constructed predictions from each model about richness and 
abundance in relation to landscape elements and continuous environmental variables, 
then tested predictions using datasets for frogs and reptiles. Different species interact with 
their environment at different spatial grains and extent, and hence are likely to respond in 
different ways to the same pattern of landscape variation (Wiens, 2000), which allows us 
to compare a wide range of species responses to the set of conceptual models to test their 
generality. As frogs and reptiles have very different life cycles and landscape 
requirements (Woinarski and Ash, 2002; Mendenhall et al., 2014) we expected that frogs 
would respond to different variables to reptiles. However, we also expected that these 
differences would not have a marked difference on their overall congruence with the 
conceptual model predications as these models are general, and while different, these 
reptiles and frogs are all relatively small flightless vertebrates that mostly move along the 
ground. 
Agricultural landscapes are a dominant land form over vast areas of many 
countries around the world. An assumption that the patch-matrix/island biogeography 
concept applies underlies much research in these landscapes. Our appraisal of conceptual 
models across multiple contrasting species, using a single study design, is therefore 
helpful to refine an understanding of how animals perceive this widespread type of 
human-modified landscape and to test if the patch-matrix concept applies. 
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Table 1. A selection of landscape conceptual models that cover a range of approaches to view human modified landscapes. These models were selected as they were relevant to the 
data that was collected. Best models are those that are within 2 AICc of lowest AICc value. 
Model name Landscape view General predictions Predictions for this data set 
1. Island 
Biogeography 
theory (MacArthur 
and Wilson, 1967) 
as applied to 
terrestrial 
landscapes 
The concept as has been adapted for 
terrestrial landscapes is that the 
matrix is uniform and inhospitable 
to native species – i.e. the patches of 
habitat are islands within a hostile 
“sea” of the matrix. This idea has 
been expanded upon by many 
authors (e.g. May, 1975; Diamond, 
1975), including in patch corridor 
matrix concepts of landscape 
ecology (Forman, 1995) and classic 
metapopulations (Hanski, 1998). 
1.1. Animals will occur almost solely in 
the remnant patches. 
1.1. The variable for remnant vs 
farmland will be in every best model and 
animals will almost solely occur in the 
remnants. 
1.2. There will be no differences in 
occurrence within the matrix regardless of 
differences in matrix type, management or 
environmental variables. 
1.2. The farmland type and grazing 
regime will never be in the best models 
or show significant trends. Animals will 
only respond to differences in 
environment variables within remnants, 
not the farmland.  
1.3. Animal occurrence will be strongly 
influenced by the size and isolation of 
patches, with larger less isolated patches 
having higher richness, abundance and 
occurrence than smaller patches. 
1.3. The area of remnants will be a 
variable in the best models and have a 
positive effect (isolation was not directly 
measured in this study – only proportion 
of woody vegetation). 
1.4. Patch size and isolation of patches 
as preeminent in determining richness and 
abundance of species. Therefore, the 
adjacent matrix type does not influence the 
abundance/richness in a patch.  
1.4. The adjacent farmland type will 
not be a variable in the best models and 
only patch size and isolation will be 
variables in the best models. 
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2. Continuum 
model (Fischer and 
Lindenmayer, 
2006) 
This model suggests that an 
animal’s distribution and 
demographics are influenced by 
environmental gradients (e.g. food, 
shelter, space, climate and 
interspecific interactions). This 
model can be used for communities 
or single species. 
2.1.The community or single species will 
respond to environmental gradients. 
Therefore, biota will occur at different 
rates along different gradients that 
could include: 
a) shelter – e.g. vegetation cover, 
breeding or nesting sites, 
b) space – e.g. size of cover types,  
c) bioclimatic conditions – e.g. 
temperature, elevation, 
d) food – e.g. quantity and quality 
of food resources,  
e) rates of interspecific interactions, 
such as predation and 
competition. 
2.2. The various environmental variables 
tested will be in the best models with 
significant trends in any direction: 
a) vegetation PCA axes  
b) area of the remnants, 
proportion of native 
vegetation in 3 km, distance to 
water body and number of 
water bodies (frogs only) 
c) average maximum 
temperature and average 
annual rainfall,  
d) not tested in this study, 
e) not tested in this study except 
grazing animal (sheep or 
cow). 
2.3. There will be species-specific 
responses: i.e. two different species may 
respond in different ways to the same 
gradient. 
2.2 Different gradients will 
characterise the best models for 
different species. 
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3. The Habitat 
Amount hypothesis 
(Fahrig, 2013) 
This model suggests that total 
habitat amount in a given area is 
the most relevant variable for 
determining species richness. While 
the matrix can influence species 
richness, it is the total amount of 
habitat that is the most important 
determinant of species richness. 
This concept may also be relevant 
to abundance and occurrence of 
individual species. 
3.1. Species richness will increase as 
habitat amount increases in a given area.  
3.1 Reptile richness will be higher in 
sites with greater proportion of native 
vegetation in the 3kms surrounding the 
site and frog richness will be higher in 
sites with greater numbers of water 
bodies and/or with greater proportion of 
native vegetation. 
3.2. This concept may hold for 
abundance and occurrence of species so 
that abundance/occurrence will increase as 
habitat amount increases in a given area. 
3.2 Abundance and presence of 
species will be higher in transects with 
greater proportion of native vegetation 
in the 3kms surrounding the transect 
(reptiles and frogs) or greater numbers 
of water bodies (frogs only). 
3.3. The habitat amount in the given 
area is more important than the area of a 
patch for abundance/richness. 
3.3  Patch area will never be in the 
best models unless the variables for 
habitat amount are too. 
4. Matrix 
Tolerance model 
(Gascon et al., 
1999; Laurance, 
1991) 
A species’ ability to use modified 
habitats (the matrix), determines its 
vulnerability to human 
modification of landscapes. This 
model suggests there are winners 
and losers from human 
modification and proposes a 
mechanism for predicting which 
ones they will be. 
4.1 The more abundant a species is in 
the matrix (and therefore the more able it 
is to tolerate the matrix), the more 
abundant it will be in the patches. There 
will be a correlation between the 
vulnerability index of the species (ranked 
from abundance in fragments/abundance 
in continuous forest) and the abundance in 
the matrix. 
4.1 There will be a positive 
correlation between the average 
abundance in remnants and the 
abundance in the farmland.  
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4.2 Over time, species that are not able 
to tolerate/use the matrix may disappear 
from patches of habitat, as these areas 
cannot be easily recolonised from nearby 
patches separated by the matrix. 
NOT TESTED in this study as it 
requires long-term data. 
5. Matrix 
Quality model (vs. 
Forest Transition 
model) (Perfecto 
and Vandermeer, 
2010) 
 
This model suggests that it is the 
type of matrix (e.g. type of 
agricultural use) that matters for 
biodiversity persistence and those 
different land uses result in 
different levels of habitat quality 
for native species. A high-quality 
matrix will promote movement. 
(Similar concepts are also described 
in the concept of Countryside 
Biogeography (Daily, 1997) and 
the spatial variation layer of the 
Pancake model (Driscoll et al., 
2013)). 
5.1.  Species will occur at different 
rates in different matrix conditions. 
Different management actions will result 
in different qualities of matrix 
5.1. There will be different 
abundance/richness between the 
farmland types in this study and/or 
between the grazing regimes. 
5.2  Matrix quality will vary for 
different species and type of original 
natural habitat. 
5.2. Different species may have 
different preferred farmland types (all 
study sites had similar original habitat) 
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2.3 Methods  
Data collection to test the landscape models 
Data used in this paper were collected in a fragmented and human-modified 
agricultural landscape dominated by cattle and sheep grazing. We chose a subset of 
landscape conceptual models that represent a diverse range of ecological perspectives, 
and that could generate predictions that were testable with our dataset. Reptiles and frogs 
were trapped using funnel and pitfall traps at twelve farms in the south-eastern Tablelands 
of New South Wales, Australia (see Appendix S1 for further details about the study sites). 
This region has been heavily cleared over the last 200 years and only small remnants of 
previously widespread grassy woodland remains (Lindenmayer et al., 2016). The once 
dominant Box Gum Grassy Woodlands are listed as a critically endangered ecological 
community (Department of the Environment and Energy, 2017). The study area is thought 
to have a depauperate herpetofaunal assemblage with many populations isolated and 
disjunct (Brown et al., 2008; Brown, 2001; Michael et al., 2016). The study sites ranged 
from 7% woody cover within 3 km of the centre of a woodland remnant, to 50% woody 
cover (see Appendix S1). 
At each farm, we established four transects so that each transect surveyed a 
different farmland type and an adjacent woodland remnant. The four farmland types were: 
1) a grazed paddock (n=12 sites), 2) a linear planting (n=6), 3) a grazed paddock in which 
we added a linear strip of coarse woody debris a month or more prior to surveys 
commencing (n=12), and 4) a fence line between two grazed paddocks (n=12) (see Table 
2 for our rational of these farmland types). Six of the farms contained three transects 
because there were only six farms with linear plantings that directly connected to 
remnants. Each transect extended from within a remnant of endemic native woodland, 
out into a farmland type (Fig. 1). There were three trapping arrays at 20, 50 and 80m from 
the edge in the remnant half of the transect and three trapping arrays at 20, 50 and 80m 
from the edge in the farmland half. Each trapping array consisted of two pitfall and two 
funnel traps along a 10 m long drift fence. Seven of the twelve farms were grazed 
continuously and five were grazed rotationally. We conducted each trapping survey over 
five trapping nights and completed five surveys of each property over two austral 
spring/summers (2014-2015) (see (Pulsford et al., 2017) for further detail).  
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Figure 1. Diagrammatical representation of study design displaying the four farmland types 
 
We measured several environmental and habitat variables for each transect: local 
vegetation cover; volume of coarse woody debris; distance to nearest water body; number 
of water bodies within 300 m and 1000 m buffer zones; and climatic data (average 
maximum temperature for the survey months and average annual rainfall for the trapping 
seasons per farm (from the Australian Bureau of Meteorology database) (Table 2). 
The remnant area and proportion of native vegetation in a 3 km buffer zone around 
each remnant was calculated using Zonal Statistics (Office of Environment and Heritage, 
2015; ESRI, 2013). Vegetation cover data (percentage of vegetation cover types) were 
analysed using a Principal Components analysis (PCA) (Lê et al., 2008) and the first two 
axes were used as environmental variables in the Generalised Linear Mixed Models 
(GLMMs) described below. The first axis (Vegetation Cover PCA1) described a gradient 
from grass (open grazed habitat) to tree cover and organic litter (more woodland like 
habitat) and the second axis (Vegetation Cover PCA2) described a gradient from grass, 
forbs and trees to shrubs, cryptogams and rock (see Appendix S2 for the PCA results). 
See Pulsford et al. (2017) for further discussion on the influence of management variables 
on the reptiles. 
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Table 2. The fixed effects used in the Generalised Linear Mixed Models 
Fixed effects Values 
Management variables 
Remnant/farmland Captured in remnant or farmland. 
Grazing regime Conventionally or rotationally grazed. 
Farmland type Paddock – typical agricultural land use 
Linear planting – we expected that these would provide 
structure and resources for reptiles and frogs 
Coarse Woody Debris addition– we expected that this 
addition would add habitat attributes to the typical grazed 
paddock  
Fence – we expected that debris and taller ground cover at fences 
would provide shelter and habitat attributes. 
Environmental variables 
Vegetation cover PCA1 Axis describing gradient from grass to tree cover and organic 
litter for vegetation cover in the 10 metre diameter circle around 
each trapping array. 
Vegetation cover PCA2 Axis describing gradient from grass, forbs and tree to shrubs, 
cryptogams and rock for vegetation cover in the 10 metre 
diameter circle around each trapping array. 
Average maximum 
temperature  
Average maximum temperature (degrees Celsius) for each 
property for trapping months. 
Average annual rainfall Average annual rainfall in millimetres for each property for 2013 
and 2014. 
Proportion of native 
vegetation 
Percentage of native woody vegetation within 3 km radial circle 
of remnant centre. 
Area of remnant The area of each remnant in square kilometres. 
Grazing animal Sheep or cow. 
Distance to nearest 
water 
Distance to nearest water body in metres. 
Number of water bodies 
within 300 metres 
Count of number of water bodies in a 300 metre radial circle 
around each transect half midpoint.  
Number of water bodies 
within 1000 metres 
Count of number of water bodies in a 1000 metre radial circle 
around each transect half midpoint. Two distances were chosen 
to capture potential range of movement of the frog species. 
Volume of coarse 
woody debris  
The volume of in situ coarse woody debris in the 10 metre 
diameter circle around each trapping array. 
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Data analysis 
For reptiles and frogs, we analysed: total abundance and richness of each group, 
abundance of each common species (>150 captures), presence-absence of moderately 
common species (capture rates between 60 and 150 and captured at five or more 
properties), and abundance and richness of rare reptile species (captured at four or less 
properties and <70 captures) and rare frog species (<70 captures) (Table 3).  
 
Table 3. List of reptile and frog variables that were analysed. The distributions used minimised over and 
underdispersion issues. 
Response variable Type of data Distribution 
Total abundance – frogs 
Total abundance – reptiles 
Abundance of rare species – reptiles 
(<4 sites, <70 captures) 
Limnodynastes tasmaniensis (frog) 
Uperoleia laevigata (frog) 
Lampropholis guichenoti* (reptile) 
Count Negative binomial (NB2) † 
Total species richness – reptiles 
Total species richness – frogs 
Species richness of rare species – 
reptiles (<4 sites, <70 captures) 
Species richness of rare species – 
frogs (<70 captures) 
Count Gaussian 
Crinia signifera (frog) 
Crinia parinsignifera (frog) 
Lampropholis delicata (reptile) 
Amphibolurus muricatus (reptile) 
Hemiergis decresiensis talbingoensis 
(reptile) 
Presence-
absence 
Binomial 
Abundance of rare species – Frogs 
(<70 captures) 
Carlia tetradactyla (reptile) 
Count Poisson 
Morethia boulengeri (reptile)  Count Negative binomial (NB1) † 
Limnodynastes dumerilii (frog) 
 
Could not be modelled individually 
due to lack of data spread 
*captured at only five sites but highly abundant so the subset of sites in which it was 
present was analysed 
† NB2 is a normal negative binomial (Var(Y) = E(Y) * (1 + E(Y)/alpha)). NB1 is a 
variation (Var(Y) = E(Y) * alpha) that is similar to a quasi-Poisson model (Skaug et al., 
2014) 
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We analysed biotic responses using GLMMs with the management variables (four 
farmland types, grazing regime and remnants vs. farmland) as fixed effects either alone, 
in combinations of two-way interactions and the three-way interaction (Skaug et al., 
2014; Fox and Weisberg, 2011). The environmental variables were also analysed as fixed 
effects in GLMMs, both alone and in combination with the management variables (Table 
2 and Table S1 in the supporting information for a list of statistical models fitted). 
Transects nested within a site were modelled as random effects. The best models were 
determined using the corrected Akaike’s Information Criterion (AICc) (Bolker and R 
Development Core Team, 2014). Models within 2 AICc of the best model were deemed 
to be similar in explanatory value. We did not deem a response to be congruent with a 
prediction from a conceptual model unless the relevant variables in the best models were 
significant (p<0.05). We chose to use both methods because while AICc identifies the 
best models, it does not differentiate among levels of a factor. All predictions from each 
conceptual model were compared with the best models for each response variable. We 
did not directly compare conceptual models against one another for individual response 
variables, but instead determined which predictions of each conceptual model were 
congruent with each response variable. Where a prediction from a conceptual model was 
upheld by a species’ responses, any other predictions of that conceptual model that were 
incongruent were also noted. 
To test the Matrix Tolerance model (Gascon et al., 1999), we used Spearman 
correlations to calculate the association between average abundance of each species in 
remnants and abundance of each species in the matrix (farmland) (see Table 1, Prediction 
4.1). 
 
Comparison with landscape models 
After collecting and analysing our data as defined above, we then compared the 
reptile and frog responses to predictions from the conceptual landscape models outlined 
in Table 1. First, we selected relevant conceptual models, and then outlined the 
predictions for our data for each conceptual landscape model (Table 1). Second, we 
identified the variables in the best models for each species and group of reptiles and frogs. 
Last, we compared the variables and direction of responses for each response to the 
predictions for each conceptual model (Table 1) to determine which predictions were 
consistent for each response. 
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2.4 Results 
There was a large variety of responses to the environmental and management 
variables among reptile and frog species. Reptiles responded most commonly to 
vegetation cover variables while frog species responded more often to climatic variables 
and distance to water. We captured 21 reptile species and 11 frog species during this study 
(see Table S2 in the Supporting Information). Abundance and richness of species varied 
by management variables, and species displayed different distributions (see Appendix S3 
for a breakdown of each response variables distribution by management variables and 
Table S3 for models up to delta AICc 10).  
Statistical models for eight of the ten species and three of the eight categories 
contained the remnant (patch) – matrix (all farmland types) dichotomy in their best 
models (Table 4). All species were captured both in remnants and farmland and some 
frog species were more common in farmland than remnants. Approximately 39% (467) 
of reptile captures and 49% (1158) of frog captures occurred in farmland. Therefore, these 
species do not uphold the predictions of classic Island Biogeography or patch-matrix 
concepts as farmland is well utilised by these taxa (Predictions 1.1 and 1.2 in Table 1). 
Additionally, differences in management and environmental conditions in farmland 
influenced captures for many species (Prediction 1.3 in Table 1). However, one species 
was positively influenced by patch area (Prediction 1.3), consistent with Island 
Biogeography predictions, but the responses of this species were not congruent with other 
predictions from Island Biogeography theory.  
The responses of most reptile and frog species were consistent with the 
Continuum model (Table 4), with eight of the ten species and all eight of the abundance 
and richness groups upholding the major prediction of this conceptual model (Prediction 
2.1 in Table 1). The best models for most species contained environmental gradients, with 
gradients of vegetation cover and climate being common. All species had a different 
combination of variables in their best models and sometimes displayed differing 
responses to particular variables, which upholds the second prediction of the Continuum 
model that there will be species-specific responses (Prediction 2.2 in Table 1). 
Statistical models for only one of the four species richness categories responded 
in a manner that upheld predictions for the Habitat Amount hypothesis (Table 4). Rare 
reptile species richness responded to proportion of native vegetation within a 3-kilometre 
buffer (Prediction 3.1 in Table 1). The Habitat Amount Hypothesis also states that 
abundance and occurrence of species may be driven by habitat amount and we found that 
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rare reptile abundance and presence-absence of one frog species (Crinia parinsignifera) 
was congruent with this aspect of the model (Prediction 3.2).  
There was a correlation between abundance in farmland and average abundance 
in remnants for reptiles and frogs (reptiles: rho = 0.583. n = 28, p = 0.001, frogs: rho = 
0.897, n = 11, p < 0.001), supporting the Matrix Tolerance model (Prediction 4.1).  
The responses of approximately 33% of species and groups of species upheld 
predictions from the Matrix Quality model (Table 4). These animals responded to the 
differing qualities among the farmland types and were found more commonly in certain 
farmland types over others (Prediction 5.1 in Table 1). All frogs that responded to 
farmland types were most abundant in paddocks whereas all reptiles with a farmland 
response were most abundant in planting and fence farmland types (Prediction 5.3). 
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Table 4. The key variables explaining the reptile and frog responses and the relevant conceptual landscape models. The number of the relevant predictions (Table 1) are in brackets. 
The predictions for all conceptual models were compared with each response variable. Where a prediction from a conceptual model was upheld, any other predictions from the same 
conceptual model that were incongruent are also listed. 
Species and 
groups 
Best statistical models Delta 
AICc 
Significant trends Landscape conceptual models with 
congruent predictions 
Reptiles 
Total reptile 
abundance 
Vegetation cover PCA1 0 Significant increase in abundance with tree 
cover and organic litter (p < 0.001). 
Continuum model (Prediction 2.1a) 
 
Total reptile 
richness 
Remnant/farmland x 
Vegetation cover PCA2 
 
0 The interaction showed a significant response (p 
= 0.002) with richness responding negatively to 
values associated with shrubs, cryptogams and 
rocks in the farmland and positively to shrubs, 
cryptogams and rocks in the remnants. 
Continuum model (Predictions 2.1a 
and c) 
Annual rainfall 0.8 Negative trend of richness with rainfall (p = 
0.024). 
Morethia 
boulengeri 
Remnant/farmland x annual 
rainfall 
0 More abundant in remnants than farmland (p < 
0.001), negative trend with rainfall (p < 0.001) 
but interaction was not significant (p > 0.1). 
Continuum model (Prediction 2.1c) 
 
Lampropholis 
guichenoti 
Vegetation cover PCA1 0 Significant increase in abundance with tree 
cover and organic litter (p < 0.001). 
Continuum model (Prediction 2.1a) 
Carlia 
tetradactyla 
Farmland type + Vegetation 
cover PCA2 
 
0 The four farmland types were significantly 
different (p = 0.008), with greater abundances 
of this species in plantings and fences than the 
coarse woody debris addition. There was a 
significant trend for second vegetation PCA 
axis (p = 0.005). 
Matrix Quality model (Prediction 5.1) 
Continuum model (Predictions 2.1a 
and c) 
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Farmland type + average 
maximum temperature 
1.1 Farmland types significantly different (p = 0.03) 
and positive trend of abundance with 
temperature (p = 0.003). 
Lampropholis 
delicata 
Remnant/farmland 
 
0 Greater presence in remnants than farmland (p 
= 0.037). 
Does not support any conceptual 
model tested as this animal was also 
captured in the farmland and is known 
to occur in highly human modified 
areas such as suburban gardens 
Hemiergis 
decresiensis 
talbingoensis 
Average maximum 
temperature 
0 Lower presence with higher temperatures (p = 
0.008). 
Continuum model (Predictions 2.1b 
and c) 
Remnant/farmland x 
proportion of native woody 
vegetation 
1.3 No significant trends for this model (p > 0.1). 
Amphibolurus 
muricatus 
Grazing animal 0 Greater presence for sheep grazed properties 
rather than cattle (p = 0.027). 
Continuum model (Predictions 2.1b 
and e) 
Island Biogeography theory 
(Prediction 1.3 but is incongruent 
with Predictions 1.1, 1.2 and 1.4) 
Farmland type + area of 
remnant 
0.8 Greater presence with increasing area of 
remnant (p = 0.045) and no significant trend for 
farmland type. 
Grazing regime + area of 
remnant 
1.1 No significant trends for this model. 
Abundance of 
rare species of 
reptiles (≤4 
sites, > 70 
captures) 
Farmland type + proportion of 
native woody vegetation 
0 2.37 and 2.28 times greater abundance in the 
planting and fence farmland types respectively 
than the course woody debris addition (p = 
0.002) and positive trend of abundance with 
proportion of woody vegetation (p < 0.001). 
Matrix quality model (Prediction 5.1) 
but no difference between grazing 
regimes 
Continuum model (Prediction 2.1b) 
The Habitat Amount hypothesis 
(Prediction 3.2) 
 
Grazing regime + proportion 
of native woody vegetation 
1.9 Greater abundance with higher proportions of 
woody vegetation (p < 0.001) and no significant 
trend for grazing regime. 
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Richness of 
rare species of 
reptiles 
Farmland type + the 
proportion of native woody 
vegetation 
 
0 Increased richness with increased proportion of 
vegetation (p = 0.017) and significant difference 
in richness between farmland types (p = 0.003). 
 
The Habitat Amount hypothesis 
(Prediction 3.1) 
Matrix Quality model (Prediction 5.1) 
Continuum model (Prediction 2.1b) 
Frogs 
Total frog 
abundance 
Average maximum 
temperature 
0 Abundance decreased with increasing 
temperature (p < 0.001). 
Continuum model (Prediction 2.1b 
and c) 
 Annual rainfall 1.7 Abundance increased with rainfall (p < 0.001). 
Remnant/farmland x distance 
to water 
1.9 Abundance decreased as distance to water 
increased more in the remnants than the 
farmland (p = 0.011) 
Total frog 
richness 
Average maximum 
temperature 
0 Decrease in richness with increasing 
temperature (p < 0.001). 
Continuum model (Prediction 2.1c) 
Matrix Quality model (Prediction 5.1) 
Remnant/farmland x grazing 
regime + average maximum 
temperature 
1.4 The response to grazing regime and 
remnant/farmland interacted so that there was 
greater richness in remnants than the farmland 
in continuously grazed properties but this 
response was opposite in rotationally grazed 
properties (p = 0.017), however there were no 
pairwise differences. There was a decrease in 
richness with higher temperatures (p < 0.001). 
Remnant/farmland x grazing 
regime x annual rainfall 
1.6 Richness increased more in continuously grazed 
properties than in rotationally grazed properties 
with higher rainfall (p = 0.042). The three-way 
interaction displayed no significant trends. 
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Limnodynastes 
tasmaniensis 
Remnant/farmland x distance 
to water 
0 The abundance decreased as distance to water 
increased more strongly in the remnants than in 
the farmland (p = 0.009). 
Continuum model (Prediction 2.1b 
and c) 
Matrix Quality model (Prediction 5.1) 
Remnant/farmland + annual 
rainfall 
0.7 Greater abundance in the farmland than the 
remnant (p = 0.007) and abundance increased 
with rainfall (p < 0.001). 
Farmland type x 
remnant/farmland + annual 
rainfall 
1.2 The interaction between farmland type and 
remnant/farmland was significant (p = 0.027), 
there was greater abundance in the farmland (p 
= 0.036) and an increase with rainfall (p < 
0.001). 
Uperoleia 
laevigata 
Remnant/farmland + average 
maximum temperature 
0 Greater abundance in the remnant than the 
farmland (p = 0.002) and decrease with 
increasing temperature (p < 0.001). 
Continuum model (Prediction 3.1c) 
but also some differences in discrete 
land cover types. 
 Remnant/farmland x grazing 
regime + average maximum 
temperature 
1.8 As above but the interaction and the grazing 
regime displayed no significant trends. 
Crinia 
signifera 
Average maximum 
temperature 
0 Presence decreased with higher temperatures in 
but this was not quite significant (p = 0.059). 
This species does not fit the 
predictions of any model. It is almost 
congruent with Prediction 3.1c of the 
Continuum model but there are no 
significant trends. 
Annual rainfall 1.6 There was no significant trend of presence with 
rainfall 
Crinia 
parinsignifera 
Remnant/farmland + number 
of water bodies within 300m 
0 Increased presence with increasing number of 
water bodies (p = 0.046) and greater presence in 
farmland (p = 0.014). 
Continuum model (Prediction 2.1b) 
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Remnant/farmland + distance 
to water 
1 Decreased presence with increasing distance to 
water (p = 0.010) and no response to 
remnant/farmland (p = 0.074). 
Habitat Amount hypothesis 
(Prediction 3.2) 
 
Abundance of 
rare species of 
frogs 
 
Farmland type + temperature 0 There was a decrease in abundance with 
increasing temperature (p= 0.22) and there was 
greatest abundance in the paddocks and least in 
the coarse woody debris addition (p= 0.015). 
Matrix Quality model (Prediction 5.1) 
Continuum model (Predictions 2.1a,b 
and c) 
 
Farmland type + Vegetation 
cover PCA2 
0.6 As above but the response to vegetation PCA2 
was just not significant (p=0.051) 
Farmland type + annual 
rainfall 
1 As above but the response to annual rainfall was 
just not significant (p=0.051) 
Farmland type + volume of 
coarse woody debris 
1 As above but the response to annual rainfall was 
not significant (p=0.081) 
Farmland type + distance to 
water 
1.3 There was no significant relationship for 
farmland type but abundance decreased with 
distance to water (p = 0.045) 
Distance to water 1.4 Abundance decreased with greater distance to 
water (p = 0.005) 
Richness of 
rare species of 
frogs 
Distance to water 0 Negative trend of richness with increasing 
distance to water (p < 0.001). 
Continuum model (Prediction 2.1b) 
39 
 
2.5 Discussion 
We tested an array of landscape conceptual models using empirical data on 
reptiles and frogs in a grazed agricultural region. We found most species and community 
variables tested supported predictions from the Continuum model (Fischer and 
Lindenmayer, 2006). A range of species responded to the differences in farmland type 
and therefore upheld predictions of the Matrix Quality model but around two thirds of 
species examined did not. The predictions of the Habitat Amount hypothesis (Fahrig, 
2013) were congruent with the response of one of four species richness groups, rare reptile 
abundance and presence of one frog species. Only one species (Amphibolurus muricatus) 
supported any predictions of Island Biogeography theory (MacArthur and Wilson, 1967) 
but its responses were not consistent with other predictions of this model and it was the 
only species that displayed both congruence and non-congruence with the predictions of 
a conceptual model. For ten of the eighteen species and groups, the responses were 
consistent with a prediction for more than one conceptual model. Two species did not fit 
predictions of any conceptual model. Our expectation that frogs and reptiles would 
display different responses to variables, yet exhibit a similar level of congruence with a 
conceptual model, proved to be correct. Below we discuss how well predictions of each 
conceptual model aligned with the biotic responses in our study landscapes. 
 
Island Biogeography theory  
None of the predictions based on terrestrial concepts of Island Biogeography 
theory were supported by the biotic responses we examined, except for a single species 
(Amphibolurus muricatus) responding to patch area. This species' response, however, 
were also inconsistent with other predictions of this concept (Prediction 1.1, 1.2 and 1.4). 
Many studies have shown that the matrix is rarely totally inhospitable and can influence 
patch-dependent species (see review by Prevedello and Vieira, 2010). This theory 
generally provides an overly simplistic view of the landscape (Laurance, 2008). Patch 
attributes are not the only variable that influences biota, and land cover types surrounding 
remnant vegetation play an important role in the responses of all species in this study.  
Patch size (remnant area) is suggested to be influential by Island Biogeography 
theory and this topic has been much argued about in the literature (e.g. Haila, 2002; 
Fahrig, 2013; Prevedello and Vieira, 2010). Only one species (the reptile A. muricatus) 
responded to remnant area but as discussed above, the responses of this species were not 
congruent with other predictions of this concept. This response to patch area, however, is 
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also consistent with the Patch Corridor Matrix model (Forman, 1995) and metapopulation 
concepts (Hanski and Ovaskainen, 2003). No other species in this study conformed to 
Island Biogeography  predictions and this suggests that metapopulations and classic Patch 
concepts may not be relevant to many species in human-modified landscapes (Driscoll et 
al., 2010). 
 
The Continuum model 
The impact of gradients of environmental conditions on plants and animals has 
long been discussed in the literature (Tilman, 1985; e.g. Grime, 1979; McIntyre and 
Barrett, 1992; Wiens, 1995). The key gradients suggested in the Continuum model 
(Fischer and Lindenmayer, 2006) of shelter, space and climate appear to be important 
factors for both reptiles and frogs, but did not have equal weighting in importance across 
species. Most frogs responded to climatic gradients or distance to nearest water body. 
Reptiles, however, exhibited a more diverse array of responses, with key variables being 
local vegetation cover, proportion of woody vegetation within 3 km and climate variables.  
Both reptiles and frogs responded strongly to the climatic variables of temperature 
and rainfall, but generally in opposite directions, which highlights the species-specific 
and taxa-specific responses displayed in this study. Most frogs that responded to these 
climatic variables displayed negative trends in abundance, presence or richness with 
higher temperatures, and positive trends with higher rainfall. Generally, frog species 
richness in Australia have a negative relationship with temperature (Powney et al., 2010) 
and rainfall is known to positively influence amphibian breeding events (Wassens, 2010; 
Davis and Roberts, 2011). Reptiles in this study, however, displayed reduced richness 
and abundance with increased rainfall and a mixed response to temperature. The impacts 
of the climate variables are likely to be moderating the effects of land management, as 
has been shown in other systems (e.g. Urbina-Cardona et al., 2006; Rotem et al., 
2016).The importance of climate variables for both reptiles and frogs, may have important 
implications for the ability of these taxa (and others) to respond to the interacting effects 
of climate change and human modification (Cabrelli et al., 2014; Walther et al., 2002). 
For example, climate change may cause range shifts and changes in breeding cycles 
(Parmesan and Yohe, 2003; Chen et al., 2011) that are incompatible with human 
modification of the landscape (Cabrelli et al., 2014) .  
Reptiles, but not frogs, responded to vegetation cover gradients. Terrestrial 
vegetation cover can strongly influence reptile assemblages (Michael et al., 2015; 
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Dorrough et al., 2012). Frog species, however, are more often influenced by emergent 
and fringing vegetation of water bodies (e.g. Parris and Lindenmayer, 2004; Hazell et al., 
2001; Mac Nally et al., 2009). Distance to these water bodies was an important variable 
for many frog species in our study. Other studies have found that properties of water 
bodies such as hydroperiod, water body size and predatory fish presence (Villaseñor et 
al., 2017; Hamer and Parris, 2011) can be important determinants of frog occurrence in 
human modified landscapes. 
In general, the Continuum model provided useful insights into how gradients of 
key factors influence species and community responses. However, greater understanding 
is needed about which environmental variables and which scales are the most informative. 
For example, some reptiles in our study responded to vegetation cover at the local scale, 
while others responded to vegetation cover at the landscape scale. This is challenging, as 
optimal variables and scales are likely to vary from species to species as displayed by 
these data sets and detailed habitat, shelter and food source preferences are not known for 
many species. 
 
The Habitat Amount hypothesis 
Predictions from the Habitat Amount hypothesis (Fahrig, 2013) were congruent 
with rare reptile species richness and rare reptile abundance; both responded to proportion 
of native woody vegetation within a three kilometre buffer of each transect. However, 
rare species richness was similar in woody remnants compared to farmland. Several 
factors may explain these apparently contradictory results. First, many reptile species may 
be reliant on woody vegetation for their lifecycles, but also require open areas and other 
substrates such as rock, coarse woody debris and grass tussocks for basking and shelter 
(Michael et al., 2015). Second, the proportion of woody vegetation and remnant patches 
are at different scales and a variable’s scale can influence the apparent response of a 
species to that variable (e.g. Di Stefano et al., 2011). Rare reptiles may be responding to 
the resources provided by trees at a landscape scale and there may be a “spill-over” effect 
(e.g. Woodcock et al., 2016; Lacasella et al., 2015) into other land cover types, which 
blurs the pattern of occurrence at the local scale.  
Our results for all but one frog species did not conform to predictions from the 
Habitat Amount hypothesis. Fahrig (2013) argued that it is important to correctly 
determine what is habitat for the biota in question. It is challenging to define non-breeding 
habitat metrics for frogs due to a broad range of habitat preferences among frog species 
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and the lack of information about species-specific habitat requirements (Wassens, 2010). 
However, most frog species in this study require water bodies or vegetation near water 
bodies to breed (Cogger, 2014), and thus the number of water bodies should be a 
reasonable indicator of the amount of breeding habitat available, but may not be a 
reasonable indicator of total habitat. 
 
The Matrix Tolerance model 
Predictions of the Matrix Tolerance model (Gascon et al., 1999; Laurance, 1991) 
were supported by our data. There was a correlation between the abundance of both frogs 
and reptiles in farmland and their abundance in remnants, so that species that were more 
abundant in farmland were less vulnerable to human modification of the landscape. 
Studies that have tested this model on mammals, frogs and birds have found that tolerance 
to the matrix often influences a species vulnerability to extinction, but this influence is 
mediated by patch size, species traits and the level of modification of the matrix (Dixo 
and Metzger, 2010; Brady et al., 2011; Viveiros de Castro and Fernandez, 2004; 
Antongiovanni and Metzger, 2005). The entire region in this study has been exposed to 
agricultural human-modification for much of the last 200 years, which suggests that many 
species present currently must have some ability to use modified landscapes. 
Alternatively, the high levels of correlations observed could be due to variation in 
abundance that is unrelated to the variables tested here.  
While farmland proved not to be a matrix, the overall message of this conceptual 
model still holds: that a species' ability to use human modified land cover increases the 
ability of the species to persist in highly modified landscapes. 
 
The Matrix Quality model 
The response of approximately 33% of species and groups of species were 
congruent with at least one prediction of the Matrix Quality model (Perfecto and 
Vandermeer, 2010). No single farmland type was preferred by all species and groups. 
Several studies have found that only a proportion of species responded to the matrix types 
tested and the response to matrix type can vary, even among life stages of the same species 
(e.g. Berggren et al., 2002; Vos et al., 2007). Despite farmland not being matrix, the 
overall concept of the Matrix Quality model is still relevant to this dataset – i.e. the type 
of human land use has a strong influence on spatial patterns of biodiversity, contrary to 
the patch-matrix assumptions of Island Biogeography. 
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The reptile species that responded to farmland type generally displayed a similar 
pattern of preference between farmland types. The higher abundances or richness in 
plantings and near fences, but low responses in paddocks and with course woody debris 
support the Matrix Quality model, but there are three likely interpretations of these 
patterns. These farmland types may be acting as habitat of varying quality, they may be 
acting as sink habitats, or they may be acting as matrix, with different amounts of 
movement through them. It is unlikely that these farmland types were acting as matrix as, 
while there was higher overall reptile abundance in remnants compared to farmland, there 
was still high levels of abundance in all farmland types. Further research on this system 
has shown that reptiles appear to use all of the land cover types as habitat as they displayed 
little movement within and between land cover types (Pulsford, unpublished data). Low 
capture rates in course woody debris may reflect the short time between the woody debris 
installation and the surveys (between two months to 15 months) (Michael et al., 2004). 
Surprisingly, the frogs that responded to farmland type were more common in 
paddocks, which at the outset of this investigation, was assumed to be the “lowest quality” 
farmland type. The higher capture rates of frogs in paddocks may be due in part to the 
increased ability to move in paddocks compared to other farmland types such as linear 
plantings. Factors such as: increased perceptual range, lack of obstacles to movement, 
and some shelter from predation may have resulted in higher capture rates due to 
increased movement in the paddocks. Similarly, Cline and Hunter (2014) found that 
moderate cover lawns were more permeable to juvenile wood frogs (Lithobates 
sylvaticus) than more complex treatments (hayfield and row crop) and treatments that 
provided no cover from predation (open lawn and recent clear cut). Analysis examining 
frog movement in the different farmland types showed that the most common species (L. 
tasmaniensis) moved more within paddocks than within the other farmland types 
(Pulsford, unpublished). However, other factors may be influencing this response and 
therefore further research is required to unpick this finding.  
 
Other theory  
There are several other concepts relevant to our study that were not tested. 
Concepts of temporal change are likely to be important to species responses to the 
landscape but we were unable to capture temporal change in this short-term study (see 
Driscoll et al., 2013; Gascon et al., 1999). Additionally, some conceptual models have 
explored more deeply how the matrix, in particular, can influence species responses and 
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highlight the influence of the matrix on species dispersal and movement (Driscoll et al., 
2013; Forman, 1995; Ricketts, 2001), but these were not directly explored in this study. 
The mosaic concept of the Patch Corridor Matrix model (Forman, 1995) is a contrast to 
the Continuum model examined here but as no true corridors were surveyed, we could 
not properly test this model.  
 
Conclusions 
Many of the conceptual landscape models examined in our study produced some 
useful insights for examining real world human-modified landscapes. Predictions from 
the Continuum model, Habitat Amount hypothesis, Matrix Quality model, and Matrix 
Tolerance model were congruent with some responses of the reptiles and frogs. However, 
no single model universally fitted the responses of reptiles and frogs in a fragmented 
agricultural landscape. Our results highlight the need for species-specific and region-
specific studies to inform management and refine conceptual models, with the goal of 
identifying contingent theory (theory contingent on geographic and environmental 
conditions to be applicable (Driscoll and Lindenmayer, 2012). 
The Continuum model, Habitat Amount hypothesis, Matrix Quality model and 
Matrix Tolerance model are all complementary theories that provide useful predictions 
about how species in this study and in other studies respond to human-modified 
landscapes. Island Biogeography theory is a very different approach to viewing a 
landscape than the other models tested in this study. Island Biogeography theory did not 
provide a good representation of the range of responses displayed by the species in this 
study.  
From our test of a range of landscape models, we have distilled four key lessons 
that can promote understanding of species and community responses to landscapes: 
• It is likely that many species are influenced by gradients of 
environmental conditions in human modified landscapes. 
• Wildlife perceive the landscape in very different ways to humans. They 
rarely perceive the discrete land cover types as emphasised by the 
concepts of Island Biogeography theory and its derivative concepts (e.g. 
patch-matrix).  
• Response to, and perceptions of, the landscape are often species specific.  
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• Many species may not perceive human-modified landscapes as a matrix; 
they can use human-modified landscapes as habitat. 
• Farmland quality and/or type can influence an animal’s use of the 
human-modified landscapes. 
In summary, a range of landscape conceptual models can provide complementary 
frameworks for describing and communicating how different species and communities 
respond to human modified landscapes. The reptiles and frogs in this study did not appear 
to perceive any land cover type as matrix. The differences between the land cover types 
was important in some instances, however most species also responded to gradients of 
environmental conditions. It is important that appropriate conceptual models are used for 
managing human modified landscapes to prevent perverse management outcomes 
(Driscoll and Lindenmayer, 2012). 
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2.11 Table S1: List of statistical models 
Table S1: List of statistical models tested for each response variable 
Reptiles Frogs 
Management variables alone and interactions 
Remnant/farmland Remnant/farmland  
Grazing regime Grazing regime 
Farmland type Farmland type 
Remnant/farmland x Grazing regime Remnant/farmland x Grazing regime 
Remnant/farmland x Farmland type Remnant/farmland x Farmland type 
Farmland type x Grazing regime Farmland type x Grazing regime 
Remnant/farmland x Grazing regime x 
Farmland type 
Remnant/farmland x Grazing regime x 
Farmland type 
Environmental variables alone  
Vegetation cover PCA1 Vegetation cover PCA1 
Vegetation cover PCA2 Vegetation cover PCA2 
Average maximum temperature  Average maximum temperature  
Average annual rainfall Average annual rainfall 
Proportion of native vegetation Proportion of native vegetation 
Area of remnant Area of remnant 
Grazing animal Grazing animal 
Distance to nearest water Distance to nearest water 
Volume of coarse woody debris  Number of water bodies within 300 metres 
 Number of water bodies within 1000 metres 
 Volume of coarse woody debris 
Best management variables alone or in interaction + environmental variable 
Best management variables + Vegetation 
cover PCA1 
Best management variables + Vegetation 
cover PCA1 
Best management variables + Vegetation 
cover PCA2 
Best management variables + Vegetation 
cover PCA2 
Best management variables + Average 
maximum temperature  
Best management variables + Average 
maximum temperature  
Best management variables + Average 
annual rainfall 
Best management variables + Average 
annual rainfall 
Best management variables + Proportion of 
native vegetation 
Best management variables + Proportion of 
native vegetation 
Best management variables + Area of 
remnant 
Best management variables + Area of 
remnant 
Best management variables + Grazing 
animal 
Best management variables + Grazing 
animal 
Best management variables + Volume of 
coarse woody debris 
Best management variables + Distance to 
nearest water 
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 Best management variables + Number of 
water bodies within 300 metres 
 Best management variables + Number of 
water bodies within 1000 metres 
 Best management variables + Volume of 
coarse woody debris  
Best management variables alone or in interaction x environmental variable 
Best management variables x Vegetation 
cover PCA1 
Best management variables x Vegetation 
cover PCA1 
Best management variables x Vegetation 
cover PCA2 
Best management variables x Vegetation 
cover PCA2 
Best management variables x Average 
maximum temperature  
Best management variables x Average 
maximum temperature  
Best management variables x Average 
annual rainfall 
Best management variables x Average 
annual rainfall 
Best management variables x Proportion of 
native vegetation 
Best management variables x Proportion of 
native vegetation 
Best management variables x Area of 
remnant 
Best management variables x Area of 
remnant 
Best management variable x Grazing 
animal 
Best management variables + Grazing 
animal 
Best management variables x Volume of 
coarse woody debris 
Best management variables x Distance to 
nearest water 
 Best management variables x Number of 
water bodies within 300 metres 
 Best management variables x Number of 
water bodies within 1000 metres 
 Best management variables x Volume of 
coarse woody debris 
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2.12 Table S2: List of species  
Table S2. List of reptile and frog species with naming authorities and capture rate information. Species nomenclature follows the Australian Faunal Directory (ABRS 2009). 
Species Naming authority Family Number of sites Abundance 
Reptiles 
Acritoscincus platynotum (Peters, 1881) Scincidae 1 1 
Acritoscincus duperreyi (J.E. Gray, 1838) Scincidae 4 65 
Amphibolurus muricatus (White, 1790) Agamidae 7 40 
Austrelaps ramsayi (Krefft, 1864) Elapidae 1 1 
Carlia tetradactyla (O’Shaughnessy, 1879) Scincidae 11 159 
Chelodina longicollis (Shaw, 1794) Chelidae 3 3 
Christinus marmoratus (J.E. Gray, 1845) Gekkonidae 1 3 
Cryptoblepharus pannosus Horner, 2007 Scincidae 2 7 
Ctenotus orientalis Storr, 1971 Scincidae 2 35 
Ctenotus robustus Storr, 1971 Scincidae 5 63 
Ctenotus taeniolatus (White, 1790)  Scincidae 2 101 
Delma inornata Kluge, 1974 Pygopodidae 4 6 
Diplodactylus vittatus J.E. Gray, 1832 Diplodactylidae 1 1 
Egernia cunninghami (J.E. Gray, 1832) Scincidae 2 2 
Egernia striolata (Peters, 1870) Scincidae 1 1 
Hemiergis decresiensis talbingoensis Copland, 1946 Scincidae 6 48 
Lampropholis delicata (De Vis, 1888) Scincidae 7 81 
Lampropholis guichenoti (Duméril & Bibron, 1839) Scincidae 5 193 
Lerista bougainvillii (J.E. Gray, 1839) Scincidae 2 2 
Menetia greyii Gray, 1845 Scincidae 5 22 
Morethia boulengeri (Ogilby, 1890) Scincidae 9 306 
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Notechis scutatus (Peters, 1861) Elapidae 1 1 
Pseudemoia pagenstecheri (Lindholm, 1901) Scincidae 1 19 
Pseudonaja textilis (Duméril, Bibron & Duméril, 1854) Elapidae 9 12 
Ramphotyphlops nigrescens  (J.E. Gray, 1845) Typhlopidae 3 3 
Tiliqua nigrolutea (Quoy & Gaimard, 1824) Scincidae 3 3 
Tiliqua rugosa (J.E. Gray, 1825) Scincidae 2 2 
Tiliqua scincoides (White, 1790) Scincidae 4 6 
     
Frogs 
Crinia parinsignifera Main, 1957 Myobatrachidae 9 60 
Crinia signifera Girard, 1853 Myobatrachidae 9 102 
Limnodynastes dumerilii Peters, 1863 Limnodynastidae 7 102 
Limnodynastes peronii (Duméril and Bibron, 1841) Limnodynastidae 1 3 
Limnodynastes tasmaniensis Günther, 1858 Limnodynastidae 11 1003 
Litoria dentata (Keferstein, 1868) Hylidae 1 11 
Litoria latopalmata Günther, 1867 Hylidae 1 1 
Litoria peronii (Tschudi, 1838) Hylidae 3 26 
Litoria verreauxii (Duméril, 1853) Hylidae 7 69 
Neobatrachus sudellae (Lamb, 1911) Limnodynastidae 5 17 
Uperoleia laevigata Keferstein, 1867 Myobatrachidae 12 984 
Reference 
ABRS 2009. Australian Faunal Directory. Australian Biological Resources Study, Canberra. Viewed 14 November 2016. 
http://www.environment.gov.au/biodiversity/abrs/online-resources/fauna/afd/index.html 
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2.13 Table S3: Models within the lowest 10 AICc 
Table S3. Models within the lowest AICc value for each response area. Models that had a higher value 
than the null model were not listed if the null model fell within the lowest 10 AICc. 
Species and groups Best statistical models  Delta 
AICc 
Reptiles 
Total reptile abundance Vegetation cover PCA1 0 
Remnant/farmland x Vegetation cover PCA1 4.5 
Remnant/farmland + Annual Rainfall 9 
Remnant/farmland x Vegetation cover PCA2 9.5 
Total reptile richness Remnant/farmland x Vegetation cover PCA2 0 
Annual rainfall 0.8 
Null 2.9 
Morethia boulengeri Remnant/farmland x Annual rainfall 0 
 Annual rainfall 1.3 
 Grazing regime + Annual rainfall 3.5 
 Vegetation cover PCA1 7.3 
 Grazing regime + Vegetation cover PCA1 9.2 
 Remnant/farmland + Vegetation cover PCA1 9.6 
Lampropholis 
guichenoti 
Vegetation cover PCA1 0 
 Remnant/farmland + Vegetation cover PCA1 4.5 
 Grazing regime + Vegetation cover PCA1 4.6 
 Remnant/farmland + Vegetation cover PCA2 5.5 
 Vegetation cover PCA2 8.3 
 Grazing regime + Vegetation cover PCA2 8.8 
Carlia tetradactyla Farmland type + Vegetation cover PCA2 0 
Farmland type + average maximum temperature 1.1 
 Average maximum temperature 2.5 
 Vegetation cover PCA2 3.7 
 Farmland type x area of remnant 4 
 Farmland type + Vegetation cover PCA1 6.4 
 Farmland type 6.5 
 Farmland type + proportion of native woody 
vegetation 
6.9 
 Vegetation cover PCA1 7.1 
 Farmland type x annual rainfall 7.1 
 Null model 8 
Lampropholis delicata  Remnant/farmland 0 
 Null 2.9 
Average maximum temperature 0 
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Hemiergis decresiensis 
talbingoensis 
Remnant/farmland x proportion of native woody 
vegetation 
1.3 
 Grazing regime x annual rainfall 3.3 
 Annual rainfall 7 
 Null model 9.1 
Amphibolurus 
muricatus 
Grazing animal 0 
Farmland type + area of remnant 0.8 
Grazing regime + area of remnant 1.1 
Abundance of rare 
species of reptiles (≤4 
sites, > 70 captures) 
Farmland type + proportion of native woody 
vegetation 
0 
Grazing regime + proportion of native woody 
vegetation 
1.9 
 Proportion of native woody vegetation 2.2 
 Farmland type + area of remnant 6.7 
 Farmland type 6.9 
 Null model 7.2 
Richness of rare species 
of reptiles 
Farmland type + proportion of native woody 
vegetation 
Proportion of native woody vegetation 
0 
1.1 
 Farmland type 2 
 Null model 3 
Frogs   
Total frog abundance Average maximum temperature  0 
Annual rainfall 1.7 
Remnant/farmland x distance to water 1.9 
 Remnant/farmland x annual rainfall 3.3 
 Remnant/farmland x average maximum 
temperature 
3.7 
 Remnant/farmland + distance to water 5.9 
 Remnant/farmland + number of water bodies 
within 300m 
6.1 
 Remnant/farmland x number of water bodies 
within 300m 
8 
Total frog richness Average maximum temperature 0 
Remnant/farmland x grazing regime + average 
maximum temperature 
1.4 
Remnant/farmland x grazing regime x annual 
rainfall 
1.6 
 Remnant/farmland x average maximum 
temperature 
3.9 
 Remnant/farmland x grazing regime x average 
maximum temperature 
4.5 
 Annual rainfall 4.9 
 Distance to water 5.7 
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 Remnant/farmland x grazing regime + distance 
to water 
7.9 
 Remnant/farmland x annual rainfall 8.7 
 Remnant/farmland x grazing regime x area of 
remnant 
8.7 
 Number of water bodies within 300m 9.7 
Limnodynastes 
tasmaniensis  
Remnant/farmland x distance to water  0 
Remnant/farmland + annual rainfall 0.7 
Farmland type x remnant/farmland + annual 
rainfall 
1.2 
 Remnant/farmland x annual rainfall 2.7 
 Farmland type x remnant/farmland x average 
maximum temperature 
3 
 Remnant/farmland x Vegetation cover PCA2 3.2 
 Remnant/farmland + number of water bodies 
within 300m 
3.5 
 Farmland type x remnant/farmland + number of 
water bodies within 300m 
4.3 
 Remnant/farmland x number of water bodies 
within 300m 
4.5 
 Remnant/farmland + average maximum 
temperature 
4.6 
 Remnant/farmland + Vegetation cover PCA2 4.7 
 Remnant/farmland + distance to water 4.8 
 Farmland type x remnant/farmland + average 
maximum temperature 
5.4 
 Remnant/farmland + Vegetation cover PCA1 5.5 
 Vegetation cover PCA1 5.7 
 Annual rainfall 6 
 Remnant/farmland x farmland type + distance 
to water 
6 
 Remnant/farmland + average maximum 
temperature 
6.4 
 Remnant/farmland x farmland type + 
Vegetation cover PCA2 
6.9 
 Remnant/farmland 7.8 
 Remnant/farmland + Vegetation cover PCA1 7.8 
 Remnant/farmland x farmland type 8 
 Number of water bodies within 300m 9.3 
 Distance to water 9.5 
 Remnant/farmland x proportion of native 
woody vegetation 
9.5 
 Remnant/farmland + volume of coarse woody 
debris 
9.6 
 Average maximum temperature 10 
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Uperoleia laevigata  Remnant/farmland + average maximum 
temperature  
0 
Remnant/farmland x grazing regime + average 
maximum temperature 
1.8 
 Remnant/farmland x average maximum 
temperature 
2.3 
 Average maximum temperature 5.5 
 Remnant/farmland x grazing regime x average 
maximum temperature 
6.9 
Crinia signifera  Average maximum temperature 0 
Annual rainfall 1.6 
 Null model 2.7 
Crinia parinsignifera Remnant/farmland + number of water bodies 
within 300m 
0 
Remnant/farmland + distance to water 1 
 Remnant/farmland x number of water bodies 
within 300m 
1.2 
 Remnant/farmland + number of water bodies 
within 1000m 
2.4 
 Distance to water 3 
 Remnant/farmland x distance to water 3.1 
 Remnant/farmland 4.4 
Abundance of rare 
species of frogs 
Farmland type + average maximum temperature 0 
Farmland type + Vegetation cover PCA2 0.6 
Farmland type + annual rainfall 1 
Farmland type + volume of coarse woody debris 1 
 Farmland type + distance to water 1.3 
 Distance to water 1.4 
 Farmland type 2.6 
 Vegetation cover PCA2 3.5 
 Annual rainfall 4.2 
 Farmland type x average maximum temperature 4.4 
 Volume of coarse woody debris 4.9 
 Farmland type x remnant/farmland 5 
 Farmland type x vegetation cover PCA1 5.2 
 Farmland type x proportion of native woody 
vegetation 
5.4 
 Farmland type x coarse woody debris 5.4 
 Null model 5.7 
Richness of rare species 
of frogs 
Distance to water 0 
Remnant/farmland x distance to water 2.6 
 Grazing regime x distance to water 3.2 
 Number of water bodies within 300m 4.1 
 Vegetation cover PCA1 4.1 
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 Remnant/farmland x number of water bodies 
within 300m 
6 
 Grazing regime x vegetation cover PCA1 6.8 
 Remnant/farmland x annual rainfall 7.2 
 Annual rainfall 7.6 
 Average maximum temperature 7.7 
 Null model 8.3 
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2.14 Appendix S1 Summary information about study sites 
 
Table S3. Distances between each site and the Australian Bureau of Meteorology weather station used for average maximum temperate and annual rainfall. See Figure S1 for the 
locations of the sites. 
Site 
Id 
Grazing 
Regime 
Transect Grazer Elevation Area of 
remnant 
Proportion 
of woody 
cover 
(3km) 
Average 
Maximum 
Temperature 
Annual 
Average 
Rainfall 
Distance to 
temperature 
weather 
station (km) 
Distance to 
Rainfall 
weather 
station (km) 
1 Continuous CWD Sheep 675 0.05 0.07 26.14 628.65 37 7.5 
Fence 671 0.08 0.09 
Paddock 666 0.53 0.08 
Planting 710 0.01 0.08 
2 Continuous CWD Sheep 347 0.70 0.07 31.19 537.50 27 2.93 
Fence 346 0.05 0.06 
Paddock 318 0.70 0.07 
3 Continuous CWD Sheep 294 0.13 0.04 31.19 515.38 9.5 1.6 
Fence 289 0.13 0.04 
Paddock 295 0.13 0.04 
Planting 294 0.13 0.04 
4 Continuous CWD Sheep 360 0.12 0.13 31.19 538.80 32 12.95 
Fence 350 0.25 0.11 
Paddock 340 0.12 0.13 
Planting 359 0.25 0.11 
5 Continuous CWD Sheep 828 1.22 0.50 27.72 607.40 15.8 8 
Fence 823 0.01 0.34 
Paddock 848 1.22 0.50 
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Planting 822 1.22 0.50 
6 Rotational CWD Cows 567 0.15 0.06 29.14 725.70 37 5.9 
Fence 574 0.15 0.06 
Paddock 558 0.15 0.06 
Planting 569 0.01 0.08 
7 Rotational CWD Sheep 742 0.05 0.08 26.14 712.15 28 12 
Fence 735 0.05 0.08 
Paddock 725 0.07 0.06 
8 Rotational CWD Cows 938 0.01 0.10 31.19 784.80 47.5 7 
Fence 904 0.02 0.08 
Paddock 883 0.02 0.08 
Planting 930 0.01 0.10 
9 Continuous CWD Sheep 773 0.51 0.09 26.14 712.15 35 8.7 
Fence 779 0.51 0.09 
Paddock 806 0.51 0.09 
10 Continuous CWD Cows 741 0.52 0.21 27.72 607.40 22 4.3 
Fence 728 0.52 0.21 
Paddock 747 0.52 0.21 
11 Rotational CWD Sheep 485 4.00 0.12 30.30 535.50 27.27 2.27 
Fence 552 4.00 0.12 
Paddock 616 4.00 0.12 
12 Rotational CWD Cows 466 1.22 0.30 30.30 535.50 34.57 12.56 
Fence 490 1.22 0.30 
Paddock 487 1.22 0.30 
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Figure S1. Map indicating location of sites: a) map of Australia indicating study region, b) map of study region indicating location and spread of study sites. 
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2.15 Appendix S2: Vegetation Cover PCA 
 
Figure S2. lots of the vegetation cover PCA: a) the first two axes of the PCA, b) remnant/farmland and 
vegetation cover PCA1, c) farmland types and vegetation cover PCA1, d) remnant/farmland and vegetation 
cover PCA2, e) farmland types and vegetation cover PCA2 
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2.16 Appendix S3: Raw data by management 
variable 
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Figure S3. Unmodelled Reptile response variables grouped by management variables: remnant vs 
farmland, Farmland type, and grazing regime. 
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Figure S4. Unmodelled frog response variables grouped by management variables: remnant vs farmland, 
Farmland type, and grazing regime 
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Chapter 3: Remnant vegetation, plantings 
and fence lines are beneficial for reptiles 
in agricultural landscapes 
 
 
 
 
In Paper I, I demonstrated that the reptiles in the grazing landscape responded to 
gradients in environmental variables, and that how the land is managed can influence the 
abundance/richness of reptiles in the agricultural landscape. In this paper (Paper II), I 
examined the influence of land management types and environmental variables on the 
abundance, richness and presence of reptiles. Understanding how animals are affected by 
land management and their environments provides information about how to better 
manage agricultural landscapes to achieve both production and biodiversity conservation. 
 
 
Pulsford S. A., Driscoll D. A., Barton P. S. & Lindenmayer D. B. (2017) Remnant 
vegetation, plantings, and fences are beneficial for reptiles in agricultural landscapes. 
Journal of Applied Ecology. 
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3.1 Abstract 
1. Managing agricultural landscapes for biodiversity conservation is increasingly 
difficult as land use is modified or intensified for production. Finding ways to 
mitigate the negative effects of agriculture on biodiversity is therefore critical. We 
asked the question: How do remnant patches, paddock types and grazing regimes 
influence reptile assemblages in a grazing landscape? 
2. At 12 sites, we surveyed reptiles and environmental covariates in remnant woodland 
patches and in four paddock types: a) grazed pasture, b) linear plantings, c) coarse 
woody debris added to grazed pasture and d) fences between grazed pasture. Each 
site was either continuously or rotationally grazed. 
3. Remnant vegetation and other vegetation attributes such as tree cover and leaf litter 
greatly influenced reptiles. We recorded higher reptile abundance and species 
richness in areas with more tree cover and leaf litter. For rare species (captured in ≤4 
sites <70 captures) there were 5.7 more animals and 2.6 more species in sites with 
50% woody cover within 3 km compared to 5% woody cover. 
4. The abundance and richness of rare species, and one common species differed 
between paddock types and were higher in linear plantings and fence transects 
compared to coarse woody debris and pasture transects.  
5. Synthesis and applications. Grazed paddocks, particularly those with key features 
such as fences and plantings can provide habitat for reptiles. This suggests that 
discrete differentiation between patch and matrix does not apply for reptiles in these 
systems. Management to promote reptile conservation in agricultural landscapes 
should involve protecting existing remnant vegetation, regardless of amount; and 
promote key habitat features of trees, leaf litter and shrubs. Establishing plantings 
and fences is important as they support high numbers of less common reptiles and 
may facilitate reptiles to move through and use greater amounts of the landscape.  
 
Key-words: matrix, conservation, remnant woodland, vegetation, grazing, trees, 
dispersal, herpetofauna, reptiles, agriculture 
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3.2 Introduction 
Human-modified landscapes, including agricultural areas, cover the majority of 
the Earth’s terrestrial land surface (Ellis and Ramankutty, 2008). Some forms of 
landscape modification are causing a rapid decline in biodiversity (Barnosky et al., 2011; 
Venter et al., 2016). There is a need to understand how to best manage agricultural areas, 
to balance both human use and biodiversity conservation (Tilman et al., 2011).  
Agricultural landscapes often comprise patches of remnant vegetation surrounded 
by a matrix of other land use types. The matrix was once considered to be an inhospitable 
“sea” between patches of habitat (Haila, 2002). More recent studies define the matrix as 
the dominant (usually non-native) land cover, in which other cover types are embedded, 
and in which species cannot form self-sustaining populations (Driscoll et al., 2013). The 
matrix is species-specific and context-specific. For example, Blaum and Wichmann 
(2007) found that shrub-dominated land cover acted as a matrix for the hairy-footed gerbil 
Gerbillurus paeba during normal rainfall conditions, but became suitable habitat during 
exceptionally high rainfall events.  
Several attributes of human modified landscapes have been suggested to influence 
native biota including: landscape type (Kennedy et al., 2011; Pedro and Simonetti, 2015), 
contrast between the human modified land cover and habitat patches (Prevedello and 
Vieira, 2010), size and configuration of landscape elements (Russildi et al., 2016; 
Templeton et al., 2011) and changes across time (Kupfer et al., 2006; Driscoll et al., 
2013). Human modified landscapes can have a major influence on movement, influencing 
dispersal between habitat patches (Kupfer et al., 2006; Kay et al., 2016), mortality during 
dispersal (Ewers and Didham, 2006), and tendency to depart patches and enter the matrix 
(Prevedello and Vieira, 2010).  
Our study examined three management elements (remnant vegetation, paddock 
types and grazing regime) that provide contrasting conditions and resources likely to 
influence reptile abundance and richness in grazing landscapes (Prevedello and Vieira, 
2010; Driscoll et al., 2013) (see Table 1). Our research question was: How do remnant 
patches, paddock types and grazing regimes influence reptile assemblages in a grazing 
landscape? We developed predictions about each management element’s influence on 
the reptile assemblage and stated our rationale for choosing each one (Table 1).  
The management elements examined in this study encompass common features 
of agricultural landscapes globally. However, our understanding of how they influence 
reptile assemblages is limited. New perspectives and methods are needed to tackle the 
global challenge of balancing biodiversity outcomes and agricultural production 
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(Tanentzap et al., 2015; Glamann et al., 2015). Our research provides a key insight in 
understanding how appropriate management of the production landscape can improve 
habitat suitability for native biota. 
 
Table 1. Management elements of the grazing landscape examined in this study 
Management 
elements 
Influence on grazing landscape Predictions 
1.Retained 
woodland remnants 
Better habitat than grazed 
paddocks (Daily, Ehrlich & 
Sánchez-Azofeifa 2001). 
Remnants will have 
higher reptile abundance 
and richness than 
paddocks. 
2. Paddock type   
 Baseline paddock that was 
expected to have high contrast in 
habitat attributes to remnant 
patches (Driscoll 2004; Urbina-
Cardona, Olivares-Pérez & 
Reynoso 2006). 
 
Pasture will have the 
lowest reptile abundance 
and richness. 
Open grazed 
pasture 
Linear planting Plantings reduce contrast and 
provide habitat (Cunningham et 
al. 2007). 
Plantings will have higher 
reptile abundance and 
richness than grazed 
pasture. 
 
Coarse woody 
debris (CWD) 
Addition of habitat (Michael et al. 
2014). 
Addition of coarse woody 
debris will result in higher 
reptile abundance and 
richness than pasture. 
 
Fences Reduce the contrast of paddocks 
compared to remnants through 
vegetation and debris build-up. 
This landscape feature has not 
been examined previously but 
hedgerow networks have positive 
impacts on reptile diversity 
(Nopper et al. 2016). 
 
Fences will have greater 
reptile richness and 
abundance than pasture. 
 
3. Grazing regime Rotational grazing may result in a 
different level of habitat amenity 
of paddocks compared to a 
continuous grazing regime, as 
grazing can influence tree 
recruitment (Fischer et al. 2009; 
Sato et al. 2016) 
There will be greater 
reptile richness and 
abundance in rotationally 
grazed sites than 
continuously grazed sites. 
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3.3 Materials and methods 
 
Study area  
We conducted our study in the Central and Southern Tablelands of New South 
Wales, south-eastern Australia (Fig.1). This area contains remnants of critically 
endangered Box Gum Grassy Woodland (EPBC Act, 1999). This ecological community 
is characterised by a heterogeneous cover of Yellow Box Eucalyptus melliodora, 
Blakely's Red Gum Eucalyptus blakelyi and White Box Eucalyptus albens interspersed 
by native grasslands. The study area has been highly modified and cleared for agriculture 
in the 200 years since European arrival. The limited remaining woodland is highly 
fragmented, isolated and often degraded due to clearing and livestock grazing. 
 
 
Figure. 1. a) Map with study area indicated by red polygon and arrow, b) stylised study design diagram 
indicating the four paddock types and transect layout.  
 
Study design 
Remnant patches 
We selected 12 farms that contained remnant woodland patches that were directly 
adjacent to four different habitat types within a managed paddock (hereafter “paddock 
type” (Fig 1). Remnant patches were between 0.7 and 400 ha (mean = 62.9 ha, sd = 101.6) 
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(see Table S2), comprised open woodland, and were typically not grazed during spring 
and summer. Land-uses adjacent to each patch formed our four paddock types: a) open 
grazed pasture, b) fenced linear planting within pasture, c) grazed pasture with coarse 
woody debris added, and d) fence within pasture (Fig. 1, Table 1). These paddock types 
were chosen because they are common in grazing landscapes both within our region and 
globally (Table 1). 
 
Paddock type 
a) Open grazed pasture were paddocks vegetated predominantly with grasses and 
forbs. Some scattered trees remain in these largely cleared and open 
environments. All paddocks were grazed by livestock, either cattle Bos taurus or 
sheep Ovis aries. 
b) Linear plantings were between 10 and 25 m wide, comprising a mix of local 
Eucalyptus and Acacia species, which had been planted in the last 30 years. Few 
properties in the region contained linear plantings directly adjacent to remnants 
with grazed pasture on either side. Six surveyed farms had a planting, with four 
continuously grazed properties and two rotationally grazed properties containing 
plantings (see grazing regimes below). 
c) Coarse woody debris (CWD) was a linear strip of timber pieces laid out from the 
remnant edge to 80 m into the pasture. We distributed 600 kg of timber pieces 
approximately 50 x 50 x 40 cm in size and spaced at approximately half metre 
intervals. The CWD was 10 m wide at the remnant edge and tapered within the 
first 10 m to 3 m wide. The strip was installed approximately two months prior to 
the first survey. 
d) Fences were existing and constructed from either single strands of wire or coarse 
mesh wire with wood, metal or concrete posts. Fences extended from the edge of 
a fenced remnant for at least 160 m and were surrounded by pasture.  
 
Grazing regimes  
Each farm (site) was subject to one of two grazing regimes by domestic livestock. 
Seven farms had a continuous grazing regime, and five had a rotational grazing regime. 
Continuous grazing regimes involve leaving livestock in the same paddock for extended 
periods. Under rotational grazing, livestock is moved between paddocks every few days 
and the livestock do not return to the same paddock for weeks or months. Rotational 
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grazing regimes can result in increased natural tree regeneration (Fischer et al., 2009) 
although some studies have found no difference in vegetation structure between grazing 
regimes (e.g. Dorrough et al., 2012). 
 
Reptile trapping 
We surveyed reptiles using 160 m long transects extending from within a remnant 
into one of the four paddock types (Fig 1). Six farms contained four transects (one for 
each paddock type). The other six contained three transects as they were missing the 
planting. Along each transect, trapping arrays were located at 20, 50 and 80 m into the 
remnant and 20, 50 and 80 m into the adjoining paddock type (= three trapping arrays for 
each half of the transect). Each trapping array consisted of a 10-m long drift fence running 
parallel to the remnant edge and perpendicular to the transect with two pitfall traps (15 L 
bucket) and two funnel traps (Terrestrial Ecosystems, Perth, Australia), one of each on 
each side of the drift fence. These trap types are complementary and result in the capture 
of a broader range of species than any single trap type alone (Greenberg et al., 1994). We 
checked under the pieces of CWD for reptiles at approximately 12 and 15 months after 
installation and analysed these data separately to understand if there were temporal effects 
post-installation. 
We surveyed every farm five times during the austral spring/summer between 
January 2014 and March 2015. Traps were open for five days for each survey, during 
which captured animals were marked and released. We performed a total of 25,200 
trapping nights across all farms, surveys and traps. We pooled all captures across the five 
survey periods and three arrays in each of the remnant and paddock type halves of each 
transect, giving one sample from each half of the transect. 
 
Environmental variables 
We collected data on environmental variables expected to influence reptile 
occurrence. We measured percentage vegetation cover (grass, shrubs, forbs, ferns/rushes, 
bare ground, leaf litter, cryptogams, rock and native trees) and in situ coarse woody debris 
volume (>5 cm diameter) in a 10-m diameter circle which was centred on the middle of 
each trapping array. We averaged these measurements across the three arrays in each of 
the remnant and paddock halves of the transect. 
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We calculated area and proportion of woody vegetation around each remnant 
using Zonal statistics (ESRI, 2013). We calculated the proportion of native woody 
vegetation in a 3 km radial circle around the midpoint of each remnant using data of the 
extent of native woody vegetation in 2011 obtained through TERN Auscover 
(http://www.auscover.org.au) (Office of Environment and Heritage, 2015). Vegetation 
cover at this scale was considered an indicator of isolation. Area was calculated by 
drawing polygons around each remnant with the edges determined visually using 
vegetation maps and satellite images.  
 
Analysis 
We first analysed vegetation cover data using principal components analysis 
(PCA) with the ‘FactoMineR’ package (Husson et al., 2015) because the vegetation cover 
categories were correlated and we wanted to examine the main gradients of variation in 
vegetation cover.  
To test our predictions (Table 1), we used a suite of Generalised Linear Mixed 
Models (GLMMs) with the fixed effects based on if reptiles were captured in: 1) remnant 
or paddocks 2) the four paddock types (pasture, linear planting, CWD and fence), and 3) 
sites subject to either rotational or continuous grazing. We modelled each fixed effect 
individually and their interactions, with transect nested in site fitted as random effects 
using the ‘glmmADMB’ package (Skaug et al., 2014). Models with just the paddock type 
variable analysed differences between the four transect types. We examined four aspects 
of the reptile assemblage (total abundance, total richness, and “rare” species abundance 
and richness) and each of the common species individually (Table 2). "Rare" species were 
those captured in ≤4 sites and for which there were <70 captures overall. These species 
could not be analysed separately, but "rare" species, analysed together, can reveal 
different responses to the few common species (Schutz and Driscoll, 2008). 
We next used GLMMs to assess the influence of environmental variables, which 
we modelled: 1) alone, 2) additive with the best management element (see below), and 3) 
as an interaction with the best management element variables. A single environmental 
variable was modelled at a time. The environmental fixed effects were: vegetation cover 
PCA1 and PCA2, proportion of woody vegetation within 3 km, remnant area, livestock 
animal and volume of in situ coarse woody debris. Correlations between environmental 
variables were 0.35 or less.  
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For all GLMMs, we modelled the different reptile response variables using 
different error distributions to account for differences in mean/variance relationships 
(Table 2). Akaike's Information Criterion corrected for small sample sizes (AICc) was 
calculated using the ‘bbmle’ package (Bolker and R Development Core Team, 2014). 
Models within two AICc of the lowest value were considered to be the best models. We 
calculated p-values using the Anova function in the ‘car’ package (Fox and Weisberg, 
2011) to identify significant components of the model. We used the general linear 
hypothesis method in the ‘multcomp’ package (Hothorn et al., 2008) to determine the 
relative differences between the levels of the management element variables. These steps 
are necessary because AICc identifies the best model but does not differentiate among 
levels of a factor. Plots were drawn using the “ggplot” package (Wickham, 2009) (see 
Appendix S2 for R code). 
Finally, we analysed separately the number of reptiles found under the pieces of 
coarse woody debris using a GLMM with a Poisson distribution and site as a random 
effect.  
 
Table 2. The reptile response variables used in the GLMMs indicating the type of data and distribution 
Reptile data subset Type of data Distribution 
Total abundance Count Negative binomial (NB2) 
Rare* species abundance   
Total species richness  Gaussian 
Rare* species richness   
Morethia boulengeri  Negative binomial (NB1) 
Carlia tetradactyla  Poisson 
Lampropholis guichenoti†  Negative binomial (NB2) 
Lampropholis delicata Presence-absence Binomial 
Amphibolurus muricatus   
Hemiergis decresiensis 
talbingoensis 
  
Ctenotus robustus   
Menetia greyii†   
* ≤4 sites, <70 captures 
† Was captured in only five sites, so was modelled for the subset of sites it was present in only using dplyr package 
(Wickham and Francois, 2015) 
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3.4 Results 
We made 1,186 captures, comprising 28 reptile species (Table S1). Most captures 
were from the Family Scincidae (19 species). All species captured more than three times 
were captured both within remnants and in paddocks. Seven of the 12 species captured 
three or fewer times were never captured in paddocks and three were only captured in 
paddocks. Approximately 60% of all reptile captures were in remnants, and of the 
captures in the paddocks, 17% were in CWD, 23% were along fences, 15% were in 
pasture and 44% were in plantings (of the six sites that contained plantings). From a 
separate analysis of the number of reptiles under the coarse woody debris pieces, we 
found greater reptile counts at approximately 15 months compared to 12 months after the 
coarse woody debris installation (p < 0.001) (Fig. S1). 
 
Vegetation Characteristics 
We identified two distinct gradients of variation among our sites. PCA1 (22.5% 
of variation) described a gradient from primarily grass to woodland-like cover of native 
trees and leaf litter (Appendix. S1). For PCA1, remnants had positive (i.e. woodland) 
values and the paddock types of pasture, CWD and fences mostly had negative (i.e. 
grassy) values (Appendix. S1). Plantings, however, were differentiated from the other 
paddock types along PCA1 and generally contained more tree cover and litter or bare 
ground (Appendix. S1). PCA2 (16.1% of the variation) encompassed a gradient of cover 
from cryptogams, shrubs and rocks to forbs, litter and tree cover and the paddock types 
did not differ strongly across this axis. 
Rotationally grazed properties supported taller grass with larger variation 
(compressed grass height = 6.2 cm, sd = 3.5) than continuously grazed properties 
(compressed grass height = 3.8 cm, sd = 1.6). 
 
Responses to remnant patches  
Reptile species richness was influenced by an interaction between 
remnant/paddock and PCA2 (p = 0.002). Higher richness in remnants was associated with 
cryptogams, shrubs and rocks, whereas higher richness in paddocks was associated with 
forbs, trees and litter (Fig. 2a, Table S3). Lampropholis delicata was more commonly 
present in remnants than paddocks (Fig 2b, Table S4).  
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Figure 2. Reptile responses that included the remnant/paddock variable: a) total species richness was higher 
in remnants associated with cryptograms, shrubs and rocks and higher in paddocks associated with forbs, 
trees and litter, b) there was greater L. delicata presence in remnants than paddocks. Shaded polygons and 
error bars indicate 95% confidence intervals and estimates are plotted on the original scale. 
 
Responses to paddock type  
Rare species abundance and richness responded to paddock type plus the 
proportion of surrounding woody vegetation (Table S3). Rare species were more 
abundant in plantings and fences than in CWD transects by 2.4 and 2.3 times respectively 
(p = 0.002) (Fig. 3a, Table S4) and the CWD transect supported the lowest richness (p = 
0.002) (Fig. 3b, Table S4). Rare species abundance and richness were positively 
associated with the proportion of surrounding woody vegetation (abundance p < 0.001, 
richness p = 0.017) (Fig 3d and e); there were 2.6 more rare species and 5.7 more counts 
of rare animals in sites with 50% compared to 5% woody cover. 
Carlia tetradactyla was 2.5 times more abundant in fence transects and 3.0 times 
more abundant in plantings transects compared to CWD transects (p = 0.028 and p = 0.03) 
(Fig. 3c, Table S4). Higher captures of this species were associated with cryptogams, 
rocks and shrubs (p = 0.005) (Fig. 3f). 
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Figure 3. Reptile responses that included paddock type: a) rare species had highest abundance at fences 
and lowest in CWD, b) greatest rare species richness in plantings and lowest in CWD, c) C. tetradactyla 
abundance was influenced by paddock type, d) rare species abundance increased with higher proportions 
of woody vegetation, e) rare species richness increased with higher proportions of woody vegetation, f) C. 
tetradactyla abundance was higher with greater shrubs, rock and cryptogam cover. Grey polygons and error 
bars indicate 95% confidence intervals and estimates are plotted on the original scale. CWD = coarse woody 
debris. 
 
Responses to grazing regime 
Rare species abundance and Amphibolurus muricatus presence-absence had 
grazing regime as a variable in the best models, but there were no significant trends.  
 
Other responses 
The best models for total reptile abundance, Morethia boulengeri and 
Lampropholis guichenoti suggested a positive association with tree cover and leaf litter 
(PCA1, all p < 0.001) (Fig. 4a-c, Table S3).  
There was a higher probability of Amphibolurus muricatus presence in sites 
grazed by sheep rather than cows (p = 0.03) and this species was more commonly 
associated with larger remnants (p = 0.021) (Fig. 4d and 4e). 
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Figure 4. Other responses: a) total reptile abundance was higher with greater tree and leaf litter cover, b) 
L. guichenoti was more abundant with greater tree and leaf litter cover, c) M. boulengeri was more abundant 
with greater tree and leaf litter cover, d) A. muricatus had greater presence in larger remnants, e) A. 
muricatus was present more in sites grazed by sheep rather than cows. Grey polygons indicate 95% 
confidence intervals and estimates are plotted on the original scale. 
 
 
3.5 Discussion 
The influence of remnant patches and other vegetation 
characteristics 
As predicted (Table 1, point 1), there was generally higher overall reptile 
abundance and richness in remnants than paddocks. We found a positive influence of 
three vegetation characteristics on the abundance and richness of the reptile assemblage: 
1) remnant woodland patches, 2) proportion of woody vegetation within 3 km and, 3) 
local vegetation characteristics of tree cover and leaf litter, and to a lesser extent, rocks, 
cryptogams, forbs and shrubs. We found tree cover and litter were positively associated 
with reptile abundance across the landscape and with species richness in paddocks. Tree 
presence and cover can affect reptile abundance and richness (Dorrough et al., 2012; 
Michael et al., 2015), and both leaf litter and rocks are important habitat features for many 
reptiles in this study (Michael et al., 2015). Vegetation structure and cover is likely to 
influence the microclimate and therefore influence reptile thermoregulation (e.g. Ackley 
et al., 2015). 
84 
 
Isolation and area of remnants can be important factors driving species 
distribution (Prevedello and Vieira, 2010; Andrén, 1994). Fahrig (2013) posited that the 
total amount of habitat in an area, not patch size, is important for species richness. 
Supporting this, we found greater proportions of woody vegetation within 3 km resulted 
in increased rare species richness and abundance.  
Patch size was important for only one species in our study; probability of A. 
muricatus presence increased with larger remnants. There have been conflicting findings 
about the influence of patch size on populations in fragmented landscapes for a range of 
taxa including reptiles (e.g. Antongiovanni and Metzger, 2005; Pardini et al., 2005; 
Jellinek et al., 2004). These conflicts relate to the extent of patch-dependence and the 
influence of the surrounding matrix on patches (Prevedello and Vieira, 2010; Ewers and 
Didham, 2006). We used the same sample effort regardless of patch size, and found local 
abundance and alpha diversity did not vary with patch size. However, if Beta diversity 
was high within patches, then overall richness may be higher in larger patches.  
The reptile responses to vegetation quantified in this study highlights the 
importance of retaining native vegetation of all patch sizes in modified grazing 
landscapes, and the negative consequences clearing and habitat loss have on native biota 
(Andrén, 1994; Bonte et al., 2012; Baguette et al., 2013). These results highlight the 
deleterious effects conventional intensification processes have on reptile populations due 
to changes to vegetation structure and extent, which has also been seen in birds (Green et 
al., 2005). 
 
The influence of paddock type 
A key finding was the positive response of rare species and C. tetradactyla to 
linear plantings and fences. These findings are congruent with our predictions that 
plantings and fences would result in increased reptile abundance and richness (Table 1, 
point 2). This is consistent with previous studies showing that linear plantings have 
positive impacts on native biota, including reptiles in agricultural landscapes, but are 
generally not a replacement for remnant vegetation (Kavanagh et al., 2005; Munro et al., 
2007; Cunningham et al., 2007).  
As a vast interconnected network within our study system, fences have the 
potential to be conduits for movement of some reptiles. While limited research has been 
conducted on the impacts of fences on reptile movement, most studies on a range of taxa, 
including reptiles, amphibians and mammals, have found fences to be barriers (e.g. 
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Lasky, 2011). One study found turtles in particular, and other reptiles to a lesser extent, 
were negatively impacted by a predator-proof fence which was less permeable than the 
fences examined in this study (Ferronato et al., 2014). However, networks of hedges can 
have positive impacts on reptile diversity in agricultural landscapes (e.g. Nopper et al., 
2016) and our results suggest fences have a positive impact on some small reptiles. This 
is an area of landscape ecology that warrants further research. 
The coarse woody debris did not result in greater reptile captures in the traps 
compared to grazed pasture. This was contrary to our prediction (Table 1, point 2c) with 
low capture rates likely due to the short time between timber installation and surveys. 
There was an increase in reptiles under the timber after 15 months compared to 12 months 
after installation (Fig. S2). This suggests coarse woody debris addition has the potential 
to increase habitat suitability of grazing landscapes by reptiles over the longer term. The 
shorter-term impact was limited and even resulted in lower capture rates of rare reptiles. 
It is not possible to determine if the lower capture rates of rare reptiles in CWD is due to 
actual lower presence or reduced movement due to increased shelter. Other studies have 
found the influence of coarse woody debris on reptile abundance is affected by timber 
size and type, how long it is in place, vegetation structure and the level of grazing in the 
surrounding area (Michael et al., 2004; Manning et al., 2013).  
 
The influence of grazing regime  
Although livestock grazing has many ecological impacts and can strongly 
influence reptile populations (Fleischner, 1994; Driscoll, 2004), that is not always the 
case (Dorrough et al., 2012). We found the grazing regime did not result in significant 
differences in the reptile assemblage, possibly because there was substantial variation in 
grazing intensity and historical grazing practices among our sites. This may have 
obscured differences between our two grazing regimes. 
 
Management implications 
The influence of multiple vegetation attributes on the reptile assemblage suggests 
that future management actions need to be at multiple scales. At a landscape scale, 
management actions need to increase the proportion of woody vegetation (trees and 
shrubs) within the landscape (Table 3, point 1). At the individual farm scale, management 
recommendations include: 1) retaining existing native vegetation remnants regardless of 
patch size (Tulloch et al., 2015) (Table 3, point 2); and 2) retaining and recruiting 
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important habitat features including trees, leaf litter and shrubs within the landscape 
(Table 3, points 1 and 2). Within paddocks, reptile species richness could be improved by 
increasing tree, litter and forbs cover (Fig. 2a). Methods for achieving these 
recommendations include: 1) reducing grazing pressure and fertiliser use (Fischer et al., 
2009; Sato et al., 2016), particularly in areas with remnant vegetation or important 
resources such as rocks (Michael et al., 2015), and 2) embracing active restoration 
techniques including planting (Rey Benayas et al., 2008) or addition of rock where 
previously removed (McDougall et al., 2016). Agricultural intensification that reduces 
tree, litter and forb cover of paddocks should be minimised. 
Linear landscape features such as plantings and fences have the potential to 
promote increased rare reptile abundance and diversity in agricultural landscapes (Table 
3, points 3 and 4). Plantings and fences that are adjacent to population sources may be 
more beneficial than isolated features, as they are likely to better facilitate movement and 
reduce isolation of populations (Favre-Bac et al., 2016; Pardini et al., 2005). Further 
research on how these management elements influence reptile movement is needed to 
better understand their impact.  
While reptiles were captured frequently in all paddock types, many did not 
respond strongly to difference between paddocks and remnants, and most responded to 
environmental gradients. This suggests that traditional patch-matrix concepts and models 
do not apply (MacArthur and Wilson, 1967) and paddocks, especially those with key 
features such as fences, plantings and other habitat features can provide habitat to reptiles. 
Management should focus both within paddocks and remnants, and avoid intensification 
of paddocks that would remove habitat features. 
In summary, our study has shown that plantings and fences benefitted rare species, 
and reptiles may respond positively to restoration or maintenance of these landscape 
features in extensively cleared agricultural landscapes. To maximise the benefit to rare 
reptile species, we need to understand more about what these animals use these features 
for, and if they are habitat for resident animals or movement corridors. Remnant patches 
of any size and local vegetation features were key influences on the reptile assemblage. 
We found a continuous increase in rare reptiles with increasing woody vegetation cover, 
with gains in abundance and richness from 5% to at least 50% cover. Maintenance of 
native vegetation in agricultural land is important to the ongoing existence of most reptiles 
in this system. Future land-use modification should not be at the expense of existing 
vegetation.  
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With pressure increasing to fulfil the joint goals of food security and biodiversity 
conservation (DeFries et al., 2012; Chappell and LaValle, 2011), our findings on the 
influence of management elements and existing vegetation characteristics can assist 
future decision making for improved biodiversity outcomes in human modified 
landscapes. 
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Table 3. Management recommendations and supporting evidence  
Variable Management recommendations Evidence from this study 
1. 
Vegetation 
cover 
Retain endemic vegetation. Promote and recruit key habitat 
features such as trees, leaf litter and shrubs. Reducing grazing 
intensity and fertiliser application increases native vegetation 
recruitment (Fischer et al. 2009; Sato et al. 2016). Active methods 
of vegetation restoration include planting and rock addition (Rey 
Benayas, Bullock & Newton 2008; McDougall et al. 2016). In 
paddocks, increase tree, litter and forb cover.  
Many reptiles responded to vegetation gradients. Total reptile 
abundance, M. boulengeri and L. guichenoti abundance were 
positively associated with tree and litter cover. Carlia tetradactyla 
abundance was associated with cryptogams, rocks and shrubs. Rare 
species abundance and richness positively responded to greater 
proportions of woody vegetation within 3 kilometres. Higher 
species richness in paddocks were associated with higher tree, leaf 
litter and forb cover, while higher richness in remnants was 
associated with cryptogams, shrubs and rocks. 
 
2. Remnants 
of 
vegetation 
Retain remnant vegetation patches within the agricultural 
landscape. All sizes of patches can provide positive outcomes.  
Many remnants in this study were small (smallest = 0.7 hectares) 
but they still provided habitat for the reptile assemblage. E.g. L. 
delicata was present at a logs odd ratio of 4.6 in remnants compared 
to paddocks. Overall, there were 1.5 times more captures in 
remnants compared to in paddocks. 
 
3. Linear 
plantings  
Create new plantings and retain existing plantings. These 
plantings have the potential to promote reptile diversity and 
abundance in agricultural landscapes. The impact of plantings 
width, age, length and configuration needs further study.  
 
The abundance of rare species and of C. tetradactyla were 2-3 times 
greater in the plantings than the least abundant paddock type.  
4. Fences Position fences so they connect to habitat patches. This may 
improve the ability of reptiles to use and move along these linear 
features, which have potential to be a vast interconnected 
network. Fence type may be important as fences with low 
permeability can have negative impacts for some reptile species 
(Ferronato, Roe & Georges 2014). More research is needed on 
whether fences provide connectivity in these systems.  
Fences had around 2 times higher rare and C. tetradactyla 
abundances than the least abundant paddock type. 
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3.10 Species list 
Table S1. List of reptile species captured with number of sites captured at (n=12) and counts. All species names are derived from the Australian Faunal Directory (ABRS 2009) 
Species Naming authority Common name Family No. of sites Count 
Acritoscincus platynotum (Peters, 1881) Red throated skink Scincidae 1 1 
Acritoscincus duperreyi (J.E. Gray, 1838) Eastern three lined skink Scincidae 4 65 
Amphibolurus muricatus (White, 1790) Jacky lizard Agamidae 7 40 
Austrelaps ramsayi (Krefft, 1864) Highlands copperhead Elapidae 1 1 
Carlia tetradactyla (O’Shaughnessy, 1879) Southern rainbow skink Scincidae 11 159 
Chelodina longicollis (Shaw, 1794) Eastern long-necked turtle Chelidae 3 3 
Christinus marmoratus (J.E. Gray, 1845) Marbled gecko Gekkonidae 1 3 
Cryptoblepharus pannosus Horner, 2007 Ragged snake eyed skink Scincidae 2 7 
Ctenotus orientalis Storr, 1971 Spotted back skink Scincidae 2 35 
Ctenotus robustus Storr, 1971 Eastern striped skink Scincidae 5 63 
Ctenotus taeniolatus (White, 1790)  Copper tailed skink Scincidae 2 101 
Delma inornata Kluge, 1974 Olive legless lizard Pygopodidae 4 6 
Diplodactylus vittatus J.E. Gray, 1832 Wood gecko/ Stone gecko Diplodactylidae 1 1 
Egernia cunninghami (J.E. Gray, 1832) Cunningham’s skink Scincidae 2 2 
Egernia striolata (Peters, 1870) Tree crevice skink Scincidae 1 1 
Hemiergis decresiensis 
talbingoensis 
Copland, 1946 Eastern Three Toed Skink Scincidae 6 48 
Lampropholis delicata (De Vis, 1888) Dark flecked garden sunskink Scincidae 7 81 
Lampropholis guichenoti (Duméril & Bibron, 1839) Pale flecked garden sunskink Scincidae 5 193 
Lerista bougainvillii (J.E. Gray, 1839) Bougainville’s skink Scincidae 2 2 
Menetia greyii Gray, 1845 Common dwarf skink Scincidae 5 22 
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Morethia boulengeri (Ogilby, 1890) Boulenger's skink Scincidae 9 306 
Notechis scutatus (Peters, 1861) Eastern tiger snake Elapidae 1 1 
Pseudemoia pagenstecheri (Lindholm, 1901) Tussock skink Scincidae 1 19 
Pseudonaja textilis (Duméril, Bibron & Duméril, 1854) Eastern brown snake Elapidae 9 12 
Ramphotyphlops nigrescens  (J.E. Gray, 1845) Blackish Blind Snake Typhlopidae 3 3 
Tiliqua nigrolutea (Quoy & Gaimard, 1824) Blotched blue tongue Scincidae 3 3 
Tiliqua rugosa (J.E. Gray, 1825) Shingleback Scincidae 2 2 
Tiliqua scincoides (White, 1790) Eastern blue tongue lizard Scincidae 4 6 
Reference 
ABRS 2009. Australian Faunal Directory. Australian Biological Resources Study, Canberra. Viewed 11 November 2016. 
http://www.environment.gov.au/biodiversity/abrs/online-resources/fauna/afd/index.html
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3.11 Table S2: Area of the remnants  
Table S2. The area of each of the woodland remnants in the study 
Site 
Id 
Transe
ct 
Remnant area 
(km2) 
Remnant area 
(ha) 1 CWD 0.046 4.633 
1 Fence 0.084 8.429 
1 Pasture 0.530 53.014 
1 Plantin
g 
0.007 0.702 
2 CWD 0.699 69.907 
2 Fence 0.048 4.768 
2 Pasture 0.699 69.907 
3 CWD 0.126 12.581 
3 Fence 0.126 12.581 
3 Pasture 0.126 12.581 
3 Plantin
g 
0.126 12.581 
4 CWD 0.124 12.414 
4 Fence 0.250 25.041 
4 Pasture 0.124 12.414 
4 Plantin
g 
0.250 25.041 
5 CWD 1.218 121.760 
5 Fence 0.012 1.239 
5 Pasture 1.218 121.760 
5 Plantin
g 
1.218 121.760 
6 CWD 0.147 14.673 
6 Fence 0.147 14.673 
6 Pasture 0.147 14.673 
6 Plantin
g 
0.015 1.455 
7 CWD 0.049 4.854 
7 Fence 0.049 4.854 
7 Pasture 0.072 7.202 
8 CWD 0.008 0.817 
8 Fence 0.018 1.775 
8 Pasture 0.018 1.775 
8 Plantin
g 
0.008 0.817 
9 CWD 0.506 50.592 
9 Fence 0.506 50.592 
9 Pasture 0.506 50.592 
10 CWD 0.519 51.853 
10 Fence 0.519 51.853 
10 Pasture 0.519 51.853 
11 CWD 3.996 399.567 
11 Fence 3.996 399.567 
11 Pasture 3.996 399.567 
12 CWD 1.220 121.961 
12 Fence 1.220 121.961 
12 Pasture 1.220 121.961 
Average 0.629 62.919 
Minimum 0.007 0.702 
Maximum 3.996 399.567 
Standard deviation 1.016 101.558 
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3.12 Table S3: Best models from the GLMMs 
Table S3. The best models for GLMMs of management element variables and combined management and 
environmental variables. 
Reptile Model set Best Models Delta 
AICc 
P value 
Total abundance Management Remnant/paddock 0 0.058 
  Null 1.2 NA 
 Combined VegetationPCA1 0 <0.001 
Rare species 
abundance (≤4 sites, 
<70 captures) 
Management PaddockType 0 0.006 
 Null 0.3 NA 
  GrazingRegime 1.8 0.360 
 Combined PaddockType + 0 0.002 
     %WoodyVeg  <0.001 
  GrazingRegime + 1.9 0.080 
     %WoodyVeg  <0.001 
Total species richness Management Null 0 NA 
  Remnant/paddock 1.7 0.460 
  GrazingRegime 1.8 0.490 
 Combined Remnant/paddock x 
VegetationPCA2 
0 0.002 
     Remnant/paddock  0.355 
     VegetationPCA2  0.012 
Rare species richness 
(≤4 sites, <70 
captures) 
Management PaddockType 0 0.002 
 Null 0.9 NA 
 Combined PaddockType + 0 0.002 
     %WoodyVeg  0.017 
Morethia boulengeri Management Remnant/paddock 0 0.106 
  Null 0.5 NA 
 Combined VegetationPCA1 0 <0.001 
Carlia tetradactyla Management PaddockType 0 0.032 
  Null 1.6 NA 
 Combined PaddockType + 0 0.008 
     VegetationPCA2  0.005 
Lampropholis 
guichenoti 
Management Null  0 NA 
 Grazing regime 0.7 0.104 
  Remnant/paddock 1.3 0.204 
 Combined VegetationPCA1 0 <0.001 
Lampropholis 
delicata 
Management Remnant/paddock 0 0.037 
 Combined Remnant/paddock 0 0.037 
Amphibolurus 
muricatus 
Management GrazingRegime 0 0.169 
 Null 0.3 NA 
  PaddockType 1 0.170 
  Remnant/paddock 1.7 0.378 
 Combined LivestockAnimal 0 0.030 
  PaddockType + 0.8 0.080 
     AreaRemnant  0.021 
100 
 
 
  GrazingRegime + 1.1 0.100 
     AreaRemnant  0.045 
Hemiergis 
decresiensis 
talbingoensis 
Management Null 0 NA 
  GrazingRegime 1.3 0.353 
  Remnant/paddock 1.8 0.683 
 Combined Remnant/paddock x 
%WoodyVeg 
0.9 0.644 
     Remnant/paddock  0.904 
     %WoodyVeg  0.539 
Ctenotus robustus Management Null 0 NA 
  Remnant/paddock x 
GrazingRegime 
1.2 0.070 
     Remnant/paddock   0.064 
     GrazingRegime  0.290 
  Remnant/paddock 1.8 0.527 
 Combined CoarseWoodyDebris 0 0.102 
  VegetationPCA2 0.3 0.267 
  Null 1.2 NA 
Menetia greyii All Null 0 NA 
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3.13 Table S4: Pairwise differences in reptile 
response to management element 
Table S4. The pairwise differences for reptile response variables with significant trends for management 
element. Reptile responses with negative binomial or Poisson distributions are multiplication factors, 
Gaussian distributions have differences and the binomial distribution have log odds ratios. 
Reptile response 
variable 
Reference 
category 
Comparative 
category 
Times 
greater 
Lower 
confidence 
interval 
Upper 
confidence 
interval 
Abundance of rare 
species (captured 
in ≤4 sites, <70 
captures) 
CWD Fence 2.28 0.985 5.29 
CWD Pasture 1.87 0.805 4.34 
CWD Planting 2.37 0.858 6.54 
Fence Pasture 0.819 0.265 2.53 
Fence Planting 1.04 0.288 3.74 
Pasture Planting 1.27 0.364 4.42 
Carlia 
tetradactyla 
CWD Fence 2.50 -0.533 5.53 
CWD Pasture 1.07 -2.06 4.20 
CWD Fence 3.00 -0.318 6.31 
 Fence Pasture 0.429 -3.30 4.16 
 Fence Planting 1.20 -2.54 4.94 
 Pasture Planting 2.79 -1.05 6.63 
      
   Difference   
Richness of rare 
species (≤4 sites, 
<70 captures) 
CWD Fence 0.417 -0.094 0.927 
CWD Pasture 0.292 -0.219 0.802 
CWD Fence 0.687 0.035 1.34 
Fence Pasture -0.125 -0.843 0.593 
 Fence Planting 0.270 -0.567 1.11 
 Pasture Planting 0.395 -0.447 1.24 
      
   Log odds 
ratio 
  
Lampropholis 
delicata 
Paddocks Remnant 4.57 1.10 19.1 
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3.14 Fig. S1: Reptiles under timber in coarse 
woody debris transect 
 
Fig S1. Modelled number of reptiles under timber in coarse woody debris approximately 12 months and 15 
months after installation.  
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3.15 Appendix S1: Vegetation cover PCA and 
loadings 
 
Fig. S2. Vegetation cover PCA plots a) The first two PCA axes of the vegetation cover showing the major 
gradients in environmental variation among the sites, b) remnant/paddock and vegetation PCA1 c) the four 
paddock types and vegetation PCA1 (more positive values represent more “woody” environments with 
higher tree cover and leaf litter), CWD = coarse woody debris. 
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Table S6. The loadings for the first two dimensions for the PCA of vegetation cover attributes. Variables 
with strong (>0.5) component loadings are shown in bold. There was high variation both between farms 
and within farms across our study sites  
Variable Axis 1 Axis 2  
Grasses -0.85 -0.07 
Shrubs 0.29 0.67 
Forbs 0.00 -0.16 
Ferns/Rushes -0.12 0.12 
Bare Ground 0.35 0.17 
Leaf Litter 0.89 -0.24 
Cryptogams 0.15 0.75 
Rock 0.08 0.56 
Native Trees 0.66 -0.37 
Eigenvalue 2.20 1.60 
Percentage of variance 24.39 17.77 
Cumulative percentage of 
variance 24.39 42.11 
Mean 62.8 2.4 
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3.16 Appendix S2: R code of analysis 
library(glmmADMB) 
library(bbmle) 
library(car)  
library(dplyr) 
library(multcomp) 
 
rfdat<-read.csv("lizsumAllvar.csv")  
lizsum<-as.data.frame(rfdat) 
 
lizsum$transect<-as.factor(rep(1:42,each=2)) 
 
Logarea<-log(lizsum$Area) 
 
species<-lizsum$lizabund #reptile response variable, family in glmms varies according 
to reptile response variable 
 
#####management element models##### 
 
m0<-glmmadmb(species~1+(1|site/transect), family="nbinom",data=lizsum) # null 
model 
m1<-glmmadmb(species~PaddockType*pm* Grazing Regime +(1|site/transect), 
family="nbinom",data=lizsum) 
m2<-glmmadmb(species~PaddockType*pm+(1|site/transect), 
family="nbinom",data=lizsum) 
m3<-glmmadmb(species~ Grazing Regime *pm+(1|site/transect), 
family="nbinom",data=lizsum) 
m4<-glmmadmb(species~Grazing Regime+(1|site/transect), 
family="nbinom",data=lizsum) 
m5<-glmmadmb(species~pm+(1|site/transect), family="nbinom",data=lizsum) 
m6<-glmmadmb(species~PaddockType+(1|site/transect), 
family="nbinom",data=lizsum) 
 
allmodels<-list(m1,m2,m3,m4,m5,m6,m0) 
aictab<-AICctab(allmodels, weights=T,base=TRUE) 
aictab 
 
#####environmental variable models##### 
m11<-glmmadmb(species~Loggrass+(1|site/transect), family="nbinom",data=lizsum) 
m12<-glmmadmb(species~vegpca1+(1|site/transect), family="nbinom",data=lizsum) 
m13<-glmmadmb(species~vegpca2+(1|site/transect), family="nbinom",data=lizsum) 
m14<-glmmadmb(species~grazer+(1|site/transect), family="nbinom",data=lizsum) 
m15<-glmmadmb(species~Elevation+(1|site/transect), family="nbinom",data=lizsum) 
m16<-glmmadmb(species~Mean.3KM+(1|site/transect), family="nbinom",data=lizsum) 
m17<-glmmadmb(species~CWD+(1|site/transect), family="nbinom",data=lizsum) 
m18<-glmmadmb(species~Logarea+(1|site/transect), family="nbinom",data=lizsum) 
 
allmodels<-list(m11,m12,m13,m14,m15,m16,m17, m18) 
aictab<-AICctab(allmodels, weights=T,base=TRUE) 
aictab 
106 
 
 
 
#####management and environmental variable models##### 
#pm can be replaced for best management element variables for each reptile response 
m21<-glmmadmb(species~pm+vegpca1+(1|site/transect), 
family="nbinom",data=lizsum) 
m21.1<-glmmadmb(species~pm+vegpca1+pm*vegpca1+(1|site/transect), 
family="nbinom",data=lizsum) 
m22<-glmmadmb(species~pm+vegpca2+(1|site/transect), 
family="nbinom",data=lizsum) 
m22.1<-glmmadmb(species~pm+vegpca2+pm*vegpca2+(1|site/transect), 
family="nbinom",data=lizsum) 
m23<-glmmadmb(species~pm+grazer+(1|site/transect), family="nbinom",data=lizsum) 
m23.1<-glmmadmb(species~pm+grazer+pm*grazer+(1|site/transect), 
family="nbinom",data=lizsum) 
m24<-glmmadmb(species~pm+Mean.3KM+(1|site/transect), 
family="nbinom",data=lizsum) 
m24.1<-glmmadmb(species~pm+Mean.3KM+pm*Mean.3KM+(1|site/transect), 
family="nbinom",data=lizsum) 
m25<-glmmadmb(species~pm+CWD+(1|site/transect), family="nbinom",data=lizsum) 
m25.1<-glmmadmb(species~pm+CWD+pm*CWD+(1|site/transect), 
family="nbinom",data=lizsum) 
m26<-glmmadmb(species~pm+Logarea+(1|site/transect), 
family="nbinom",data=lizsum) 
m26.1<-glmmadmb(species~pm+Logarea+pm*Logarea+(1|site/transect), 
family="nbinom",data=lizsum) 
allmodels<-list(m21,m22,m23,m24,m25, 
m26,m27,m28,m21.1,m22.1,m23.1,m24.1,m25.1, m26.1) 
aictab<-AICctab(allmodels, weights=T,base=TRUE) 
aictab 
 
####ANOVA#### 
 
Anova(m1) 
 
####general linear hypotheses#### 
K<- rbind(c(0, 1, 0,0), 
          c(0, 0, 1,0), 
          c(0,0,0,1), 
          c(0, -1, 1,0), 
          c(0, -1, 0,1), 
          c(0, 0, -1,1)) 
 
zzz<-glht(m6,linfct = K) 
summary(zzz, adjusted(type='none')) 
confint(zzz) 
 
###subsetting data#### 
 
lizsumLG=filter(lizsum,LG=="Yes") 
lizsumMG=filter(lizsum,MG=="Yes") 
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species<-lizsumLG$Lampropholis.guichenoti 
species<-lizsumMG$Menetia.greyiiPA 
 
###reptiles under coarse woody debris## 
library(glmmADMB) 
library(car) 
library(ggplot2) 
 
log<-read.csv("Logs.csv") 
log$time<-as.factor(log$time) 
 
m1111<-glmmadmb(Reptiles~time+(1|Site), family="poisson",zeroInflation= 
FALSE,data=log) 
Anova(m1111) 
 
###plot ### 
pframe<-expand.grid(time=levels(log$time)) 
pglm<-predict(m1111, newdata=pframe, se.fit=TRUE, type='link') 
 
cil<- exp(pglm$fit-2*pglm$se.fit)   
ciu<- exp(pglm$fit+2*pglm$se.fit) 
efit<-exp(pglm$fit) 
 
x<-data.frame(pframe,efit,cil,ciu) 
basic<-theme(axis.line = element_line(colour = "black"), 
             panel.grid.major = element_blank(), 
             panel.grid.minor = element_blank(), 
             panel.border = element_blank(), 
             panel.background = element_blank(), 
             text=element_text(size=24, family="Helvetica") 
) 
pd<-position_dodge(width = 0.4) 
 
P=ggplot(x, aes(time, efit, color=time)) + geom_point(size=5,position=pd) + 
geom_errorbar(aes(ymax=ciu,ymin=cil),position=pd, width=0.2,size=1) + basic+ 
theme(legend.position="none", text= element_text(size=22), 
axis.title.x=element_text(margin=margin(10,0,0,0)), 
axis.title.y=element_text(margin=margin(0,10,0,0))) 
P+ylab("Number of individuals") + scale_x_discrete(labels=c("12 months","15 
months"))+xlab("Time since coarse woody debris was installed")+ 
theme(axis.title=element_text(size=18)) 
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Chapter 4:  Interactive effects of land use, 
grazing and environment on frogs in an 
agricultural landscape 
 
 
 
 
In Paper II, I examined the influence of management and environmental 
variables on reptiles in grazing landscapes. Here (Paper III), I examine how 
management and environmental variables influence frogs. Frogs are poorly studied in 
these agricultural environments and there has been little research exploring the 
influence of terrestrial habitat on frogs.  
 
 
Pulsford, S.A., Barton, P., Driscoll, D.A. & Lindenmayer, D.B. (Under Review) 
Interactive effects of land use, grazing and environment on frogs in an agricultural 
landscape. Biological Conservation. 
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4.1 Abstract 
Improved management of human-modified landscapes must be part of the global effort 
to combat biodiversity loss. We aimed to identify which land management types and 
environmental factors influenced the use of grazing landscapes by frogs. We surveyed frog 
assemblages in remnant vegetation, four different paddock types (pasture, linear planting, coarse 
woody debris addition and fence), and two grazing regimes (continuous and rotational). Frogs 
were surveyed using pitfall and funnel traps in twelve grazing properties in south-eastern 
Australia. 
We found frog assemblages were often influenced by interactions of management type 
and environmental variables. Total frog abundance decreased with distance to water more 
strongly in remnants compared to paddocks. This difference in response may be due to different 
traits and behaviours of frogs in remnants compared to open paddocks altering their desiccation 
risk.  
Rare frog species richness and abundance of a common species (Limnodynastes 
tasmaniensis) increased with taller ground cover in remnants but no such relationship occurred 
in paddocks. Different types of predation risk in remnants compared to paddocks may result in 
greater ground cover shelter requirements in remnants, as vegetation structure can strongly 
influence predation.  
Total frog species richness increased more rapidly with higher average annual rainfall in 
continuously grazed versus rotationally grazed properties. Higher rainfall was associated with 
taller ground cover. Continuously grazed properties had shorter average ground cover than 
rotationally grazed properties and the increased ground cover height associated with more rain 
may bring ground cover to a height better able to provide shelter and reduce desiccation risk for 
frogs. 
Our study highlights the importance of both land management practices and 
environmental conditions and their interaction in shaping frog assemblages. Improved frog 
biodiversity conservation may be achieved in grazing landscapes by retaining patches of 
remnant vegetation, maintaining water bodies such as farm dams and maintaining tall ground 
cover within vegetation remnants. 
Keywords 
Amphibians; conservation; interactions; management; biodiversity; matrix 
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4.2 Introduction 
Agriculture is one of the largest threats globally to biodiversity (Garnett et al. 
2013; Maxwell et al. 2016), placing increasing pressure on many species as the human 
population expands (Cunningham et al. 2013). Better understanding of the influence of 
human-modified environments on native biota is needed to improve management and 
reduce biodiversity loss in agricultural landscapes.  
The matrix is the dominant land cover type that surrounds native and remnant 
vegetation, and does not provide habitat for viable populations of patch-dependent 
species (Driscoll et al. 2013). The matrix can influence species by changing the abiotic 
environment, providing foraging and other resources (Kennedy et al. 2010), or 
influencing the ability of animals to move through landscapes (Driscoll et al. 2013). 
Land cover that is perceived as the matrix for some species might in fact be suitable 
habitat for other species (Kennedy et al. 2011; Prevedello and Vieira 2010). Therefore, 
agricultural landscapes can possess a variety of habitat types from different species’ 
perspectives.  
Farming practices and different kinds of land management can have a large 
influence on how the matrix affects native biota (Irizarry et al. 2016; Perfecto and 
Vandermeer 2010). The more similar the matrix is to remnant vegetation, the higher 
quality the matrix, and the more likely the matrix will enable movement of individuals 
(Eycott et al. 2012; Pedro and Simonetti 2015; Prevedello and Vieira 2010). Therefore, 
management actions that reduce contrast between remnant vegetation and the matrix 
may promote greater movement throughout the landscape, particularly for largely 
ground-dwelling taxa such as amphibians (Burel et al. 2004; Prevedello and Vieira 
2010). 
Grazing by livestock is a major cause of habitat modification in agricultural 
landscapes and can result in deforestation, woody encroachment, and altered vegetation 
structure and soil characteristics (Eldridge et al. 2016a; Fleischner 1994). A range of 
grazing effects on amphibians has been observed from neutral (e.g. McIlroy et al. 2013) 
to negative (e.g. Jofre et al. 2007) and occasionally positive (e.g. Moreira et al. 2016). In 
addition to the direct impacts of grazing, there can be interactive or additive effects 
between grazing and other land management practices, or environmental conditions 
(Buckley et al. 2014; Davis and Roberts 2011). Few studies, however, have directly 
compared the influence of different types of grazing regimes on amphibians (but see 
Kay et al. 2016b).  
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In this study, we posed two questions. Question 1: Do land management types 
influence the extent to which frogs can use grazing landscapes? We quantified frog 
responses to three different land management types: 1) four paddock types (pasture, 
linear planting, coarse woody debris addition, and fence), 2) remnant vegetation, and 3) 
two different grazing regimes (continuous and rotational). We expected capture rates of 
frogs to be higher in remnant vegetation, rotationally grazed properties, and in paddock 
types with higher levels of vegetation structure such as plantings. Question 2 Do 
environmental variables interact with management types? We expected frogs to 
respond significantly to environmental variables such as vegetation, climate and 
distance to water, and that these responses might interact with the land management 
types.  
A suite of strategies to enhance biodiversity conservation is needed in human-
modified landscapes (Chappell and LaValle 2011; Kremen 2015). The research reported 
here contributes to the understanding of how agricultural landscapes influence frog 
distributions, with this information helping to better combine agricultural and 
conservation priorities (Glamann et al. 2015; Wittman et al. 2016). 
 
4.3 Materials and Methods 
Study region and design 
We captured frogs on twelve different sheep and/or cattle grazing properties in 
the Central and Southern Tablelands of New South Wales, Australia (Fig. 1). Properties 
were selected if they supported remnants of Box-Gum Grassy Woodland, a critically 
endangered ecological community (Environment Protection and Biodiversity 
Conservation Act 1999) that has been heavily cleared and degraded over the last two 
hundred years (Lindenmayer et al. 2016). The resulting ecosystem consists of remnant 
vegetation patches of various sizes, surrounded by mixed use agricultural land 
dominated by grazed and cleared land.  
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Figure 1. a) Map indicating study area with arrow and red polygon. b) Stylised representation of study 
design. This design was applied to seven farms with a continuous grazing regime and five farms with a 
rotational grazing regime. Each transect was 160 m long, 80 metres in a remnant and 80 metres in a paddock 
type.   
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Seven of our twelve properties were grazed with a continuous grazing regime by 
domestic livestock (sheep (Ovis aries) and cattle (Bos taurus)). The remaining five 
properties were grazed on a rotational basis, where each paddock was subject to short 
periods of grazing (a few days) followed by long periods of rest (weeks/months).  
At each property, we established four transects that ran from within a chosen 
remnant patch of woodland into one of the following paddock types of: 1) grazed 
pasture, 2) linear planting, 3) grazed pasture with added coarse woody debris, and 4) 
fence with grazed pasture on either side (Fig.1, Appendix A). These land management 
types were chosen as they are typical of land management in grazing landscapes of 
south-eastern Australia. Each transect was 160 metres long with trapping arrays set at 
80, 50 and 20 metres into the remnant and 20, 50 and 80 metres into the paddock (Fig. 
1). We established this length of transect as the land cover frequently changed to 
another type over any larger distance.  
 
Paddock types 
The four paddock types were derived from different land management decisions 
in grazed paddocks (Fig. 1, Appendix A).  
Grazed pasture was an area of land largely cleared of trees and used by 
livestock. Pastures in our study region are typically dominated by grasses with some 
forbs and few scattered trees.  
Linear plantings were fenced strips planted with a mix of native (but not 
necessarily endemic) Eucalyptus and Acacia species. The plantings were between 10 
and 25 metres wide and were established within the last 30 years. Each planting was 
directly adjacent to a remnant and had grazed pasture on either side. While these 
features are common in the region, few are planted directly adjacent to remnants. Only 
four of our continuously grazed properties and two rotationally grazed properties had 
plantings (i.e. six of the 12 farms).  
Coarse woody debris was added to grazed pasture in a strip that started at a 
remnant edge with a width of 10 metres and then rapidly tapered to 3 metres wide for 
the rest of its length (80 m). A total of 600 kg of timber was added to each strip. Timber 
pieces were roughly 50 cm by 40 cm and laid approximately half a metre away from 
each other. The timber was a mix of native eucalypt and exotic species. Coarse woody 
debris was added to increase ground cover for shelter and foraging by amphibians 
(Cogger 2014; Semlitsch 2002).  
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Fences extended from the edge of a remnant and out into grazed pasture. The 
transect ran along both sides of a fence line, which was made from wire strands or mesh 
and designed to limit livestock movement.  
 
Data collection 
Our trapping arrays consisted of two pitfall buckets (15 L) and two funnel traps 
along a ten metre long drift fence (Fig. 1b, Appendix A). The pitfall buckets contained 
shelter (wooden board and half a piece of PVC pipe) and moisture (a wet sponge). The 
funnel traps were shaded and contained a wet sponge to prevent desiccation of animals. 
Each trapping session spanned five nights with traps checked daily. We completed five 
trapping sessions at each property during the austral spring/summer between January 
2014 and March 2015. Across all sites and sessions, we surveyed a total of 5,040 traps, 
and completed a combined total of 25,200 trapping nights. 
 
Environmental data collection 
We collected data on vegetation, climate, and landscape variables. We collected 
vegetation cover measurements in a 10-metre diameter circle around each trapping 
array. The vegetation cover variables measured were percent cover of: grass, forbs, 
ferns and rushes, shrubs, bare ground, organic litter, cryptogams, rock and trees, and 
ground cover height. Ground cover height was measured using the average of eight 
readings of a rising plate meter. Climate data for each site were obtained from the 
nearest station in the Australian Bureau of Meteorology database. We calculated the 
average maximum monthly temperature for the trapping months and average annual 
rainfall for 2013 and 2014. We calculated the area of each remnant by drawing 
polygons around each remnant based on satellite images and vegetation maps (ESRI 
2013). The proportion of woody vegetation in the 3 km radius surrounding each 
remnant was calculated with “Zonal Statistics” using the extent of woody vegetation 
from 2011 (Office of Environment and Heritage 2015). We calculated the Euclidean 
distance to the nearest water body, and the number of water bodies within 300 m of 
each half transect using recent satellite imagery (Google Inc 2015). Water bodies were 
generally farm dams that are fairly permanent sources of water and were surrounded by 
a range of vegetation types. 
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Statistical analysis 
We pooled the data across each of the five trapping sessions to strengthen the 
statistical power of our analysis, resulting in one sample per half transect (a half transect 
included the three trapping arrays within either the remnant or paddock half of each 
transect). All analysis was performed in R (R Core Team 2016) (see Appendix B for 
code). 
To answer our first question (Do land management types influence the extent to 
which frogs can use grazing landscapes?), we used a suite of Generalised Linear Mixed 
Models (GLMMs) (Skaug et al. 2014). We modelled the following frog response 
variables: total species richness, rare species richness, total abundance, rare species 
abundance, and abundance or presence-absence of the four most abundant individual 
species (Table 1). The rare species category consisted of six species that each had less 
than 70 captures and were found in seven or less of the twelve sites. Many of the “rare” 
species were at the edge of their known range. The fixed effects for the GLMMs were: 
the four paddock types, grazing regime (continuous vs rotational), and the difference 
between remnants and paddocks. We modelled each fixed effect alone, as well as in 
various combinations of variables including three-way interactions. We fitted transect 
nested within site (farm) as random effects. We modelled the response variables using 
different distributions to manage differences in mean/variance relationships (Table 1). 
We calculated AICc (corrected Akaike's information criterion) using the “bbmle” 
package (Bolker and R Development Core Team 2014) and considered models within 2 
AICc of the lowest AICc value to be among the best models. If the null model had an 
AICc value in the lowest 2, all other models were disregarded. We calculated p-values 
using the “Anova” function the “car” package (Fox and Weisberg 2011) to differentiate 
levels of a factor.  
 
 
Table 1. The different distributions used for each frog response variable 
Frog data Type of data Distribution 
Total abundance Count Negative binomial 
Total species richness Count Gaussian 
Limnodynastes tasmaniensis Count Negative binomial 
Uperoleia laevigata Count Negative binomial 
Crinia signifera Presence-absence Binomial 
Crinia parinsignifera Presence-absence Binomial 
Limnodynastes dumerilii Could not model as insufficient data and spread 
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Abundance of rare species  Count Poisson 
Species richness of rare species Count Gaussian 
 
To answer our second question (Do environmental variables interact with 
management types?), we used GLMMs to compare the influence of the environmental 
variables, both alone and in combination with the best management type variables for 
each species identified in Question 1. The environmental variables we analysed were: 
ground cover height, average maximum temperature, average annual rainfall, distance 
to nearest water body, number of water bodies within 300 m, proportion of woody 
vegetation within 3 km, remnant area, and percent coverage of: live ground cover 
(grass, forbs, ferns/rush, cryptogams), shrubs, bare ground, rocks. The pairwise 
correlations between all environmental variables was less than 50% (r < 0.5) except for 
ground cover height and rainfall (62%), distance to water and number of water bodies 
within 300 m (-64%), and ground cover and native tree cover (-51%). Organic litter was 
highly inversely correlated to live ground cover, therefore was not included (-88%). 
 
4.4 Results 
We made a total of 2,378 captures of eleven different frog species. The most 
common species were Limnodynastes tasmaniensis (1,003 captures) and Uperoleia 
laevigata (984 captures). All frogs belonged to one of three families: Limnodynastidae 
(three species), Myobatrachidae (four species) and Hylidae (four species) (Appendix C). 
Overall, 51.3% (1,220) of all captures occurred in remnants. For the paddock types, 
25% (162) of captures occurred in pasture, 23% (149) in plantings, 18% (115) in coarse 
woody debris, and 34% (215) along fences (in the sites that contained all four paddock 
types). 
Continuously grazed properties had, on average, shorter ground cover and less 
height variation (compressed ground cover height = 3.8 cm, sd = 1.6) than rotationally 
grazed properties (compressed ground cover height = 6.2 cm, sd = 3.5). 
 
Do land management types influence the extent to which frogs 
can use grazing landscapes? 
We found the occurrence of three of the four most common species, as well as 
abundance of the rare species group, were influenced by land management type (Fig. 2, 
Appendix D. By contrast, we found total abundance, total species richness, rare species 
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richness, and Crinia signifera occurrence all had the null model ranked among the best 
models, indicating land management type alone was a poor explanatory variable for 
these groups (Appendix D).  
Crinia parinsignifera was present more often in paddocks than remnants (delta 
AICc = 0, p = 0.001) (Fig. 2b). However, Uperoleia laevigata was more abundant in 
remnants than in paddocks (delta AICc=0, p = 0.002) (Fig. 2a) (Appendix E). Rare 
species abundance was significantly related to paddock type (delta AICc = 0, p= 
0.0173) with highest abundances in pasture and lowest in the coarse woody debris 
transects (Fig. 2c) (Appendix E). The model for L. tasmaniensis contained a significant 
interaction between remnant/paddock and paddock type, with greater abundance in 
paddocks for the coarse woody debris, fence and pasture transects but greater 
abundances in remnants than in plantings for planting transects (delta AICc = 2, 
p=0.027) (Fig. 2d). An interaction between grazing regime and remnant/paddock was in 
the best models for Uperoleia laevigata abundance (delta AICc = 2, p = 0.104). 
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Figure 2. Frog responses to management types. a) U. laevigata was more abundant in remnants than 
paddocks, b) C. parinsignifera had greater presence in paddocks than remnants, c) rare species were most 
abundant in pasture transects and least in coarse woody debris transects d) L. tasmaniensis was more 
abundant in paddocks than remnants in the coarse woody debris, fence and pasture transects but more 
abundant in remnants than paddocks in the planting transects. Error bars indicate 95% confidence intervals.  
 
Do environmental variables interact with management types? 
Environmental variables improved the models for all frog response variables, 
either by interaction with land management type, additive to land management type, or 
alone in the model (see Appendix F).  
Water body variables were found to be important for total frog abundance, rare 
frog species richness, and for Crinia parinsignifera. Total frog abundance reduced with 
greater distance to water, particularly in remnants (delta AICc = 1.9, p = 0.011) (Fig. 
3a). Rare frog richness also reduced as distance to water increased (delta AICc =0, p= 
0.001). Crinia parinsignifera presence–absence responded positively to an increasing 
number of water bodies within 300 m (AICc = 0, p = 0.046) and negatively as distance 
to nearest water body increased (delta AICc = 1, p= 0.01). 
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Climate variables were important for total abundance, total species richness, and 
two individual species (Appendix F). Total abundance, richness and Uperoleia 
laevigata abundance were all lower with higher average maximum temperatures (all: 
delta AICc = 0, p= <0.001) (Fig. 3). There was higher total frog abundance with higher 
rainfall (delta AICc = 0.5, p <0.001) and greater frog species richness with increasing 
rainfall in continuously grazed sites compared to rotationally grazed sites (delta AICc = 
1.6, p = 0.042) (Fig. 3f and e). 
Ground cover height was important for Limnodynastes tasmaniensis abundance 
and rare frog species richness via an interaction with remnant/paddock (Fig. 3c and d). 
Limnodynastes tasmaniensis abundance increased more steeply with taller ground cover 
height in remnants than in paddocks (delta AICc= 0, p < 0.001) and rare frog richness 
was higher in remnants with taller ground cover (delta AICc = 0.1, p = 0.003). Rare 
species abundance decreased with higher rock cover percentages (delta AICc = 0, p = 
0.035) (Fig. 3i). The best models for rare species abundance also contained paddock 
type plus shrub cover (delta AICc = 1.4, p= 0.052). 
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Figure 3. The key responses to management and environmental variables. a) Total abundance decreased 
more with greater distance to water in remnants compared to paddocks, b) rare species richness decreased 
with greater distance to water, c) L. tasmaniensis had higher abundance with taller ground cover in 
remnants, d) rare species richness was higher with taller ground cover in remnants, e) species richness 
increased with higher rainfall and more so in continuously grazed sites, f) total abundance increased with 
higher rainfall, g) species richness decreased with higher temperatures, h) U. laevigata abundance 
decreased with higher temperatures, i) rare species abundance decreased with rock cover, j) C. 
parinsignifera increased in occurrence with greater numbers of water bodies within 300 m. Polygons 
indicate 95% confidence intervals. Estimates are plotted on the original scale. 
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4.5 Discussion 
The conservation of biodiversity in agricultural landscapes is of global concern 
(Tscharntke et al. 2012), with new and detailed knowledge needed to find ways to 
accommodate both biodiversity and production (Cunningham et al. 2013). As pressure 
on agricultural production increases, a better understanding is needed of how land 
management influences native biota. Our study demonstrated that many frogs used 
different land management types, but also responded to interactions between land 
management and environmental conditions. Both environmental conditions and current 
management practices need to be considered when planning future management actions 
to improve conservation outcomes for frogs in grazing landscapes.  
 
The influence of land management types 
Remnant patches and paddocks 
We found that some frog species occurred more frequently in either the 
remnants or the paddocks. Attributes of remnant woodland vegetation, such as canopy 
cover and understorey characteristics, have previously been linked with amphibian 
richness and abundance in modified landscapes (Hazell et al. 2001; Russildi et al. 
2016). For example, we found that Uperoleia laevigata was positively associated with 
remnant woodland patches. Remnant vegetation can provide habitat, reduce desiccation 
risk, provide calling sites, and link water bodies (Hazell et al. 2001; Parris and 
McCarthy 1999). 
We also found that other terrestrial habitat types were important for frogs in 
agricultural landscapes. For example, in addition to remnant vegetation providing 
habitat, paddocks appeared to be suitable habitat for two species. C. parinsignifera was 
significantly more likely to occur in paddocks than remnants, and L. tasmaniensis was 
likewise more likely to occur in paddocks than remnants with the exception of planting 
transects. Higher capture rates in paddocks can, in some cases, indicate higher rates of 
movement rather than habitat suitability. Our recapture findings, however did not 
support this as we found no difference in probability of movement between recapture 
instances for remnants and paddocks (in prep). These results also highlight the 
contrasting habitat requirements amongst species in the frog assemblage. 
The influence of habitat patch size and isolation on populations has long 
occupied ecological attention (Andrén 1994; Prevedello and Vieira 2010). Few studies 
have examined the influence of vegetation patch size on amphibians, although Russildi 
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et al. (2016) described a positive association between amphibian abundance and patch 
size. Our findings indicate that patch size did not influence the frog assemblage, 
suggesting these species are not responding to discrete land cover type differences such 
as patch vs matrix (sensu Forman 1995; MacArthur and Wilson 1967) with many types 
of land cover in human-modified landscapes providing habitat for some species 
(Kennedy et al. 2011; Prevedello and Vieira 2010).  
 
Grazing regime 
Species richness was more strongly associated with rainfall in continuously 
grazed properties than in rotationally grazed properties. This difference between grazing 
regimes may be due to the positive relationship between rainfall and ground cover 
height (62% correlation), and ground cover height had a positive influence on several 
species in this study. Continuously grazed properties had shorter ground cover on 
average and the taller ground cover associated with higher rainfall may have brought the 
ground cover up to a threshold or height that better provides shelter and reduces 
desiccation risk (Parris and McCarthy 1999). Some other studies have found that 
grazing effects on amphibians can be both species-specific and dependent on other 
factors such as interacting disturbances and habitat type (Badillo-Saldana et al. 2016; 
Buckley et al. 2014; Burton et al. 2009).  
 
Paddock types 
At the outset of this study we expected that land use type would influence frog 
species occurrence (Irizarry et al. 2016; Perfecto and Vandermeer 2010). In particular, 
we assumed that pasture would provide the lowest quality habitat of the four paddock 
types. However, rare species and L. tasmaniensis were the most abundant in open 
pasture. Open pasture was the most structurally simple paddock type, which could allow 
frogs to have an increased perceptual range relative to the other paddock types that had 
more complex structures. Increased perceptual range can reduce mortality by improving 
an animal’s ability to navigate and move through the landscape effectively (Zollner and 
Lima 1997). However, reduced mortality from greater perceptual range may come at a 
cost of increased desiccation risk in shorter vegetation (Parris and McCarthy 1999). The 
idea that increased perceptual range allows greater ability to move in open pasture is 
supported by Kay et al. (2016a), who found that shorter, more open agricultural matrix 
types resulted in increased perceptual range and movement of an arboreal gecko.  
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Environmental variables 
We found that most frogs in our study responded to interactions between, or 
additive effects of, land management types and environmental variables, especially 
water body variables, climatic variables and ground cover height. We found frog 
abundance and richness decreased as distance to water increased, a finding supported by 
several other studies (e.g. Russildi et al. 2016; Westgate et al. 2012). All of our study 
species require water bodies to breed and many amphibian species travel only a few 
hundred metres between breeding sites and terrestrial habitat (Becker et al. 2010; 
Semlitsch 2008). Intriguingly, total abundance exhibited a more nuanced response to 
distance to water. In paddocks, frog abundance reduced only a small amount as distance 
to water increased, but in remnants, abundance started higher and dropped more steeply 
as distance increased (Fig 3a). Frogs present in paddocks may be different species or 
have different traits to the individuals found in the remnants. These individuals in the 
paddocks may have had greater movement ability, had behaviours that reduce 
desiccation risk, or were more tolerant to open human land use (Gascon et al. 1999; 
Russildi et al. 2016; Tracy et al. 2010), which resulted in the limited change in 
abundance in paddocks. 
We found a reduction in frog abundance and richness in sites with higher 
average temperatures, consistent with the continental negative trend of amphibian 
species richness with temperature (Powney et al. 2010). Additionally, total abundance 
was higher in sites with higher average rainfall, which is known to influence amphibian 
reproduction events, population dynamics, and movement (Davis and Roberts 2011; 
Wassens et al. 2013). The effects of temperature and rainfall likely moderate the effects 
of the land management on the frog assemblage. For example, Rotem et al. (2016) 
found that grazing impact on reptiles in Israel differed according to the climate of the 
region, and Urbina-Cardona et al. (2006) showed the difference in rainfall across the 
wet and dry seasons influenced amphibian and reptile responses in a tropical 
agricultural/forest environment.  
Taller vegetative ground cover can provide greater protection from predation for 
small ground-dwelling animals like frogs. For example, Sato et al. (2014) found greater 
rates of predation of lizard models in mown ski runs than taller undisturbed grassland. 
Similarly, Larson (2014) found that adult amphibians were positively associated with 
tall grass height and high percentage grass cover. In our study, the most abundant 
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species (L. tasmaniensis) and rare species richness increased with taller ground cover in 
remnants but there was no relationship in paddocks. This difference may be due to 
different types of predation risk occurring in the more treed remnants compared to open 
paddocks, with other studies showing that vegetation structure can be an important 
determinant of predation risk (Arthur et al. 2004; Posa et al. 2007). Frogs may be more 
likely to be predated in remnants where there is little cover, or actively seek greater 
cover in remnants more than in paddocks. This would mean that the height of the 
ground cover is a more important determinant of shelter from the types of predation 
occurring in the remnants. Alternatively, the differing response to vegetation risk could 
be related to ease of movement, as taller and more complex ground vegetation can 
impede movement compared to more open cover (e.g. Prevedello et al. 2010). 
 
Conservation implications 
The interlinked problems of biodiversity loss and food security is a major global 
challenge (Cunningham et al. 2013; Tscharntke et al. 2012). To help meet this 
challenge, we suggest that conservation of frogs in grazing landscapes requires that both 
land use and environmental conditions are considered jointly. Some recommendations 
below apply to any grazing landscape while others are only applicable under certain 
conditions (Fig. 4). 
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Figure 4. Management recommendations and evidence from this study that supports each 
recommendation. Some of the recommendations depend on the current conditions at the site. 
 
We found that frog species displayed a range of responses to different land cover 
types and environmental conditions, and other studies have shown that frog species 
require a wide range of resources and habitat types throughout their lifecycles (Hazell et 
al. 2001; Semlitsch 2002). Consequently, a broad range of habitat types and vegetation 
conditions need to be maintained in grazing landscapes to maximise frog species 
richness and abundance (Fig. 4, Recommendation 1). This is not to say that all 
landscapes should be highly heterogeneous, but over the region there should be a broad 
array of landscape types available. 
We recommend maintaining rarely grazed remnants of vegetation (Fig. 4, 
Recommendation 2) as they can provide key terrestrial habitat, connectivity and 
overwintering habitat for frogs (Hazell et al. 2001). These remnants should be close to 
water bodies (Fig. 4, Recommendation 3) to provide connectivity between this key 
terrestrial habitat and breeding sites (Semlitsch 2002).  
Fresh water bodies play a vital role in most amphibian species reproduction and 
lifecycles, particularly when close to terrestrial habitat (Becker et al. 2010; Semlitsch 
2002). We recommend maintaining water bodies (farm dams etc.) in agricultural 
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landscapes, particularly near remnant vegetation (Fig. 4, Recommendation 3). The 
number and spatial arrangement of water bodies within a landscape is also important, as 
frogs generally travel short distances to breed, and dispersing individuals are more 
likely to find new breeding sites when they are at high densities and the intervening 
terrestrial landscape provides connectivity (Rittenhouse and Semlitsch 2007; Semlitsch 
2008). Good management practices regarding water bodies must, however, consider 
threats such as chytridiomycosis (see Scheele et al. 2014), invasion of pest species such 
as cane toads (Letnic et al. 2014), and the potential changes to vertebrate herbivore 
populations (Underhill et al. 2007). Water bodies in agricultural landscapes also may be 
at risk from pollution from nutrient runoff from fertilisation of surrounding land and 
changes in prevalence due to intensification practices (Kremser and Schnug 2002; 
Stoate et al. 2009)  
Greater ground vegetation cover and height can provide shelter and benefits for 
ground-dwelling animals like frogs (Larson 2014; Sato et al. 2014). We recommend 
maintaining taller ground cover within woodland remnants (Fig. 4, Recommendation 4), 
which can be achieved by reducing grazing by livestock in these areas, and by 
practicing rotational grazing rather than continuous grazing (Tozer et al. 2008). Ground 
cover height and structure are also influenced by livestock type (McGregor 2010), and 
multiple livestock types (e.g. sheep and cattle) can have synergistic and negative 
impacts on vegetation structure and function (Eldridge et al. 2016b).  
In summary, we found that frog assemblages in grazed agricultural landscapes 
were influenced by both farm management actions and environmental conditions. In 
many cases, these variables interacted with each other. Our study suggests that a variety 
of land cover types including fresh water bodies, remnant vegetation and taller average 
ground cover would support the greatest diversity of amphibian species. We provide 
recommendations on management actions to conserve these important fauna, and new 
data that provides insights for land managers regarding better managing the twinned 
issues of biodiversity conservation and agricultural production.  
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4.8 Appendix A: Photos of typical sites and traps 
Figure S1. Photos of examples from the fieldwork. a) and b) remnant woodland, c) pitfall traps with drift 
fence, d) funnel trap on drift fence with shade cloth, e) linear planting, f) coarse woody debris, g) pasture, 
h) fence. 
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4.1 Appendix B: R code 
library(glmmADMB) 
library(car)  
library(bbmle)   #for AICc and Weights 
library(dplyr) 
 
 
rfdat<-read.csv("frogsumAllvarVeg.csv")  
frogsum<-as.data.frame(rfdat) 
 
frogsum$transect<-as.factor(rep(1:42,each=2)) 
 
Loggrass<-log(frogsum$grassheight) 
Logarea<-log(frogsum$Area) 
 
species<-frogsum$frogabund 
species<-frogsum$frogrich 
species<-frogsum$Limnodynastes.tasmaniensis 
species<-frogsum$Uperoleia.laevigata 
species<-frogsum$Crinia.signiferaPA 
species<-frogsum$Crinia.parasigniferaPA 
species<-frogsum$Rare2 
species<-frogsum$RareRich 
 
m0<-glmmadmb(species~1+(1|site/transect), family="binomial", data=frogsum) 
m1<-glmmadmb(species~treatment*pm*management+(1|site/transect), 
family="binomial", data=frogsum) 
m2<-glmmadmb(species~treatment*pm+(1|site/transect), family="binomial", 
data=frogsum) 
m3<-glmmadmb(species~management*pm+(1|site/transect), family="binomial", 
data=frogsum) 
m4<-glmmadmb(species~management+(1|site/transect), family="binomial", 
data=frogsum) 
m5<-glmmadmb(species~pm+(1|site/transect), family="binomial", data=frogsum) 
m6<-glmmadmb(species~treatment+(1|site/transect), 
family="binomial",data=frogsum) 
allmodels<-list(m1,m2,m3,m4,m5,m6,m0) 
aictab<-AICctab(allmodels, weights=T,base=TRUE) 
aictab 
 
N<-nrow(frogsum)  
p<-length(coef(m1))+1 
E1<-resid(m1,type = "pearson") 
Overdispersion<-sum(E1^2)/(N-p) 
Overdispersion 
 
###environmental variables#### 
m11<-glmmadmb(species~Loggrass+(1|site/transect), family="binomial", 
data=frogsum) # ground cover height 
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m12<-glmmadmb(species~RainAnnual+(1|site/transect), family="binomial", 
data=frogsum) 
m13<-glmmadmb(species~Mean.3KM+(1|site/transect), family="binomial", 
data=frogsum) 
m14<-glmmadmb(species~CWD+(1|site/transect), family="binomial", data=frogsum) 
m15<-glmmadmb(species~Logarea+(1|site/transect), family="binomial", 
data=frogsum) 
m16<-glmmadmb(species~WB300m+(1|site/transect), family="binomial", 
data=frogsum) 
m17<-glmmadmb(species~Temp+(1|site/transect), family="binomial", data=frogsum) 
m18<-glmmadmb(species~Dist.W+(1|site/transect), family="binomial", 
data=frogsum) 
m19<-glmmadmb(species~Shrubs+(1|site/transect), family="binomial", 
data=frogsum) 
m120<-glmmadmb(species~BareGround+(1|site/transect), family="binomial", 
data=frogsum) 
m121<-glmmadmb(species~Rock +(1|site/transect), family="binomial", 
data=frogsum) 
m122<-glmmadmb(species~Native.Tree+(1|site/transect), family="binomial", 
data=frogsum) 
 
allmodels<-list(m11,m12,m13,m14,m15,m16,m17, m18,m19,m20,m121,m122) 
aictab<- AICctab(allmodels, weights=T, base=T) 
aictab 
 
#####management type#### 
m21<-glmmadmb(species~pm+Loggrass+(1|site/transect), family="binomial", 
data=frogsum) 
m21.1<-glmmadmb(species~pm+Loggrass+pm*Loggrass+(1|site/transect), 
family="binomial", data=frogsum) 
m22<-glmmadmb(species~pm+RainAnnual+(1|site/transect), family="binomial", 
data=frogsum) 
m22.1<-glmmadmb(species~pm+RainAnnual+pm*RainAnnual+(1|site/transect), 
family="binomial", data=frogsum) 
m23<-glmmadmb(species~pm+Mean.3KM+(1|site/transect), family="binomial", 
data=frogsum) 
m23.1<-glmmadmb(species~pm+Mean.3KM+pm*Mean.3KM+(1|site/transect), 
family="binomial", data=frogsum) 
m24<-glmmadmb(species~pm+CWD+(1|site/transect), family="binomial", 
data=frogsum) 
m24.1<-glmmadmb(species~pm+CWD+pm*CWD+(1|site/transect), 
family="binomial", data=frogsum) 
m25<-glmmadmb(species~pm+Logarea+(1|site/transect), family="binomial", 
data=frogsum) 
m25.1<-glmmadmb(species~pm+Logarea+pm*Logarea+(1|site/transect), 
family="binomial", data=frogsum) 
m26<-glmmadmb(species~pm+WB300m+(1|site/transect), family="binomial", 
data=frogsum) 
m26.1<-glmmadmb(species~pm+WB300m+pm*WB300m+(1|site/transect), 
family="binomial", data=frogsum) 
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m27<-glmmadmb(species~pm+Temp+(1|site/transect), family="binomial", 
data=frogsum) 
m27.1<-glmmadmb(species~pm+Temp+pm*Temp+(1|site/transect), 
family="binomial", data=frogsum) 
m28<-glmmadmb(species~pm+Dist.W+(1|site/transect), family="binomial", 
data=frogsum) 
m28.1<-glmmadmb(species~pm+Dist.W+pm*Dist.W+(1|site/transect), 
family="binomial", data=frogsum) 
m29<-glmmadmb(species~pm+Shrubs+(1|site/transect), family="binomial", 
data=frogsum) 
m29.1<-glmmadmb(species~pm+Shrubs+pm*Shrubs+(1|site/transect), 
family="binomial", data=frogsum) 
m130<-glmmadmb(species~pm+BareGround+(1|site/transect), family="binomial", 
data=frogsum) 
m130.1<-glmmadmb(species~pm+BareGround+pm*BareGround+(1|site/transect), 
family="binomial", data=frogsum) 
m131<-glmmadmb(species~pm+Rock+(1|site/transect), family="binomial", 
data=frogsum) 
m131.1<-glmmadmb(species~pm+Rock+pm*Rock+(1|site/transect), 
family="binomial", data=frogsum) 
m132<-glmmadmb(species~pm+Native.Tree+(1|site/transect), family="binomial", 
data=frogsum) 
m132.1<-glmmadmb(species~pm+Native.Tree+pm*Native.Tree+(1|site/transect), 
family="binomial", data=frogsum) 
allmodels<-list(m21,m22,m23,m24,m25, m26,m27,m28, m29, 
m30,m131,m132,m21.1,m22.1,m23.1,m24.1,m25.1, m26.1,m27.1,m28.1, m29.1, 
m30.1,m131.1,m132.1) 
aictab<- AICctab(allmodels, weights=T, base=T) 
aictab 
 
aictab 
###plotting##### 
 
library(ggplot2) 
 
basic<-theme(axis.line = element_line(colour = "black"), 
             panel.grid.major = element_blank(), 
             panel.grid.minor = element_blank(), 
             panel.border = element_blank(), 
             panel.background = element_blank(), 
             text=element_text(size=25, family="Helvetica") 
) 
 
##example plot## 
m6<-glmmadmb(Rare2~treatment+(1|site/transect), family="poisson",data=frogsum) 
pframe<-expand.grid(treatment=levels(frogsum$treatment)) 
pglm<-predict(m6, newdata=pframe, se.fit=TRUE, type='link') 
cil<- exp(pglm$fit-2*pglm$se.fit)  #backtransform to get lower cis on scale of 
original data 
ciu<- exp(pglm$fit+2*pglm$se.fit) 
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efit<-exp(pglm$fit) 
x<-data.frame(pframe,efit,cil,ciu) 
treatmentcol<-c("#E69F00","#999999", "#56B4E9","#009E73") 
 
png(file="rare species treatment.png",width=1400,height=1100, res= 300) 
 
P=ggplot(x, aes(treatment, efit, color=treatment)) + geom_point(size=8,position=pd, 
colour=treatmentcol) + geom_errorbar(aes(ymax=ciu,ymin=cil),position=pd, 
width=0.15, colour=treatmentcol, size=1) + 
  theme(legend.position="none", text= element_text(size=22), 
axis.title.x=element_text(margin=margin(10,0,0,0)), 
axis.title.y=element_text(size=16, 
margin=margin(0,10,0,0)),axis.text.x=element_text(size=16,margin=margin(10,0,0,0)
)) 
 
P+ylab("Abundance of rare species")+xlab("Paddock type")+coord_cartesian(ylim = 
c(0, 5.2))+theme(panel.grid=element_line(size=2))+basic 
dev.off() 
 
###glht###  
library(multcomp) 
K<- rbind(c(0, 1, 0,0), 
          c(0, 0, 1,0), 
          c(0,0,0,1), 
          c(0, -1, 1,0), 
          c(0, -1, 0,1), 
          c(0, 0, -1,1)) 
zzz<-glht(m2,linfct = K) 
summary(zzz, adjusted(type='none')) 
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4.2 Appendix C: List of species 
 
Table S1. List of frog species captured as part of this study along with number of captures and the number of sites (out of 12) in which that species was captured.  
Species Naming authority Common name Family Number of 
captures 
No. of 
sites 
Crinia parinsignifera Main, 1957 
Plains froglet/ Eastern sign 
bearing froglet 
Myobatrachidae 60 9 
Crinia signifera Girard, 1853 Common eastern froglet Myobatrachidae 102 9 
Limnodynastes dumerilii Peters, 1863 Eastern bango frog/ Pobblebonk Limnodynastidae 102 7 
Limnodynastes peronii (Duméril and Bibron, 1841) Striped marsh frog Limnodynastidae 3 1 
Limnodynastes tasmaniensis Günther, 1858 Spotted marsh frog Limnodynastidae 1003 11 
Litoria dentata (Keferstein, 1868) Bleating tree frog Hylidae 11 1 
Litoria latopalmata Günther, 1867 Broad palmed rocket frog Hylidae 1 1 
Litoria peronii (Tschudi, 1838) Peron's tree frog Hylidae 26 3 
Litoria verreauxii (Duméril, 1853) Verreaux's tree frog Hylidae 69 7 
Neobatrachus sudellae (Lamb, 1911) Common spade foot frog Limnodynastidae 17 5 
Uperoleia laevigata Keferstein, 1867 Smooth toadlet Myobatrachidae 984 12 
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4.3 Appendix D: Best models of land management 
types 
 
Table S2. The best models of management type variables for the frog response variables 
 
Response 
variable 
Best model(s) AICc Delta 
AICc 
Degrees 
of 
freedom 
Weight 
Total abundance Null model 631.4 0 4 0.5392 
Remnant/paddock 633.4 2 5 0.1944 
Total richness Null model 293.5 0 4 0.43 
Remnant/paddock x 
Grazing regime 294.7 1.2 7 0.235 
Remnant/paddock 295.5 2 5 0.162 
Limnodynastes 
tasmaniensis 
Remnant/paddock 505.6 0 5 0.4734 
Remnant/paddock x 
Paddock type 505.8 0.2 11 0.4336 
Uperoleia 
laevigata 
Remnant/paddock 458.3 0 5 0.6796 
Remnant/paddock x 
Grazing regime 460.3 2 7 0.2494 
Crinia signifera Null model 90.8 0 3 0.585 
Crinia 
parinsignifera 
Remnant/paddock 
72.3 0 4 0.995 
Abundance of 
rare species 
Paddock type 
271.1 0 6 0.547 
Richness of rare 
species 
Null model 167.1 0 4 0.3834 
Remnant/paddock 167.2 0.1 5 0.369 
141 
 
4.1 Appendix E: Differences between factors in 
models 
Table S3. The pairwise differences for frog response variables with significant trends for management 
type. Reptile responses with negative binomial or Poisson distributions are multiplication factors, 
Gaussian distributions have differences and the binomial distribution have log odds ratios 
Frog response 
variable 
Reference 
category 
Comparativ
e category 
Times 
greater 
Lower 
confidenc
e interval 
Upper 
confidence 
interval 
Abundance of 
rare species 
(captured in ≤4 
sites, <70 
captures) 
CWD Fence 1.11 0.30 4.07 
CWD Pasture 4.08 1.27 13.07 
CWD Planting 1.71 0.36 8.19 
Fence Pasture 3.68 0.72 18.77 
Fence Planting 1.55 0.21 11.37 
Pasture Planting 0.42 0.06 2.90 
 
Limnodynastes 
tasmaniensis 
Remnant 
CWD 
Paddock  
CWD 0.57 0.34 0.98 
Remnant 
Fence 
Paddock  
Fence 0.38 0.15 0.97 
Remnant 
Paddock 
Paddock 
Pasture 0.59 0.24 1.46 
Remnant 
Planting 
Paddock 
Planting 2.16 0.73 6.38 
Uperoleia 
laevigata 
 
Paddock Remnant 1.75 -0.65 4.15 
   Log 
odds 
ratio 
  
Crinia 
parinsignifera 
Paddock Remnant 0.00031 0.000005 0.019455 
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Figure S2. Each panel horizontally contains: (L to R) an estimates plot from the model of a two-way 
interaction between a categorical management type variable and a continuous environmental variable, 
the mean differences between the two levels of the categorical variable, and the continuous difference 
between the two levels of the categorical variable. a) total species richness and the interaction between 
grazing regime and annual rainfall, b) rare species richness and the interaction between remnant/paddock 
and the relative ground cover height, c) L. tasmaniensis abundance and the interaction between 
remnant/paddock and the relative ground cover height, d) total abundance and the interaction between 
remnant/paddock and the distance to water. 
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4.2 Appendix F: Best models of land management types and environmental variables. 
Table S4. The best models for the management type and environmental variables. 
Response variable AICc Delta AICc Best model(s) P value 
Total abundance 623 0 Temperature <0.001 
623.9 0.5 Rainfall <0.001 
625.3 1.9 Remnant/paddock x Distance to water 0.003 
Remnant/paddock 0.244 
Distance to water 0.283 
Total richness 282.9 0 Temperature <0.001 
284.3 1.4 Grazing Regime x Remnant/paddock + Temperature  
Grazing Regime x Remnant/paddock 0.017 
Temperature <0.001 
284.5 1.6 Grazing Regime x Remnant/paddock x Rainfall 0.383 
Grazing Regime x Rainfall 0.042 
Remnant/paddock x Rainfall 0.553 
284.9 2 Remnant/paddock + Temperature  
Remnant/paddock 0.582 
Temperature <0.001 
Limnodynastes tasmaniensis 487.2 0 Remnant/paddock x Ground cover height (log) <0.001 
Uperoleia laevigata 443.5 0 Remnant/paddock + Temperature  
Remnant/paddock 0.002 
Temperature <0.001 
445.3 1.8 Grazing Regime x Remnant/paddock+ Temperature <0.001 
Grazing Regime x Remnant/paddock 0.09 
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Temperature <0.001 
Crinia signifera 88.1 0 Temperature 0.056 
89.7 1.6 Rainfall 0.103 
Crinia parinsignifera 67.9 0 Remnant/paddock + No. of water bodies (300m)  
Remnant/paddock 0.014 
No. of water bodies (300m) 0.046 
68.9 1 Remnant/paddock + Distance to water  
Remnant/paddock 0.074 
Distance to water 0.010 
69.1 1.2 Remnant/paddock x Number of water bodies with 300m 0.347 
Remnant/paddock 0.112 
No. of water bodies (300m) 0.510 
Abundance of rare species 265.6 0 Paddock type + Rock   
Paddock type 0.009 
Rock 0.035 
267 1.4 Paddock type + Shrubs  
Paddock type 0.032 
Shrubs 0.052 
267.6 2 Paddock type x Bare Ground 0.317 
Paddock type 0.02 
Bare Ground 0.226 
Richness of rare species 158.8 0 Distance to water 0.001 
159.2 0.1 Remnant/paddock x Ground cover height (log) 0.003 
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Chapter 5: Reptiles and frogs use most 
land cover types as habitat in a fine-
grained agricultural landscape 
 
 
 
 
 
 
 
In Papers II and III, I examined how management and environmental variables 
influence reptile and frog abundance and richness in grazing landscapes. In this Paper 
(Paper IV), I examine how these human-modified landscapes influence the movement of 
reptiles and frogs. Ability to move through and within landscapes allows animals to 
access resources, find mates, and adjust to changes in environment, which promotes gene 
flow and influences population dynamics. 
 
 
 
 
Pulsford, S. A., Barton, P. S., Driscoll, D. A, Kay, G.M. and Lindenmayer, D. B., 
(Accepted). Reptiles and frogs use most land cover types as habitat in a fine-grained 
agricultural landscape, Austral Ecology.  
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5.1 Abstract  
Agricultural landscapes comprise much of the earth’s terrestrial surface. 
However, knowledge about how animals use and move through, these landscapes is 
limited, especially for small and cryptic taxa, such as reptiles and amphibians. We aimed 
to understand the influence of land use on the movement of reptiles and frogs in a fine-
grained grazing landscape. We surveyed reptiles and frogs using pitfall and funnel traps 
in transects located in five land use types: 1) woodland remnants, 2) grazed pastures, 3) 
coarse woody debris added to grazed pastures, 4) fences in grazed pastures, 5) linear 
plantings within grazed pastures. We found that reptiles moved both within, and out of, 
grazed paddocks more than they did in woodland remnants. In contrast, frogs exhibited 
varying movement behaviours. The smooth toadlet (Uperoleia laevigata) moved more 
often and longer distances within remnants than within paddocks. The spotted marsh frog 
(Limnodynastes tasmaniensis) moved out of grazed pastures more than out of pastures 
with coarse woody debris added or out of fence lines and were never recaptured in linear 
plantings. We found that most recaptured reptiles and frogs (76.3%) did not move 
between trapping arrays, which added to evidence that they perceived most of the land 
cover types as habitat. 
In conclusion, the different land cover types influenced the types and lengths of 
movement of different species and groups of species. We suggest that even simple fences 
may provide conduits for movement in the agricultural landscape for frogs. Otherwise, 
most reptile and frog species used all land cover types as habitat, though of varying 
quality. Reptiles appeared to perceive the woodland remnants as the highest quality 
habitat. This landscape is fine-grained which may facilitate movement and persistence 
due to high heterogeneity in vegetation cover over short distances and therefore 
intensification and increasing the size of human land use may have negative impacts on 
these taxa.  
 
Keywords: Movement, amphibians, dispersal, reptile, conservation 
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5.2 Introduction  
Livestock grazing is one of the largest forms of terrestrial land use worldwide 
(FAO, 2009). Grazing has a range of ecological impacts such as land clearing, vegetation 
cover change, increased greenhouse gas emissions, altered nutrient cycling, and altered 
water infiltration (Eldridge et al. 2016; Fleischner 1994; McAlpine et al. 2009). Habitat 
modification and fragmentation due to grazing has led to changes to biodiversity, 
including altered movements of species (Haddad et al. 2015; Kay et al. 2016; Pittman et 
al. 2014). To conserve native biota in human-modified landscapes, better understanding 
is needed of how land management and land cover types influence the movement of a 
broad range of taxa (Barton et al. 2015; Jeltsch et al. 2013; Taylor et al. 1993). Movement 
through, and within, landscapes allows animals to access resources, find mates, and adjust 
to changes in their environment, which, in turn, promotes gene flow and influences 
population dynamics (Benton and Bowler 2012; Driscoll et al. 2014; Zeller et al. 2012).  
Biotic responses to land management activities vary widely among taxa and in 
response to differences in mobility (Berry et al. 2005; Golet et al. 2011). Livestock 
grazing and associated management practices alter the vegetation structure and soil 
properties of the landscape (Eldridge et al. 2016; Graetz and Tongway 1986; Yates et al. 
2000). It is likely these changes to vegetation and soil will, in turn, influence the 
movement of terrestrial animals such as reptiles and frogs by influencing habitat 
heterogeneity, the ability to find food, the amount of shelter from predation, and the 
availability of shade for regulating temperature (Kearney et al. 2009a; Mendenhall et al. 
2014; Neilly et al. 2016). 
Interpretation of movement data must be done with care because different factors 
can influence the speed, frequency and types of movement. For example, more 
rapid/frequent movement can indicate poorer suitability of land cover (e.g. Hein et al. 
2003; Muriel and Kattan 2009) or can occur in the matrix type most similar to habitat 
(e.g. Berry et al. 2005; Haynes and Cronin 2003; Hitchen et al. 2011). Therefore, the 
frequency of movement will depend on the habitat suitability of human-modified land 
cover and resistance (i.e. how willing/able an organism is to move through a land cover 
type and the cost involved (Zeller et al. 2012)). Accordingly, it is important to determine 
if a land cover type is a true matrix and therefore not providing self-sustaining habitat 
(Driscoll et al. 2013), or if the land cover provides habitat.  
Here, we examined small-scale movements of reptiles and frogs in a fine-grained 
landscape in environments subject to five different kinds of land management: 1) 
remnants of woodland, 2) grazed pastures, 3) coarse woody debris added to grazed 
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pastures, 4) fences in grazed pastures, 5) linear plantings with grazed pastures on either 
side of the planting. Our broad aim was to determine the influence of land use type on the 
movement of reptiles and frogs in a grazing landscape. To address this aim, we asked 
three questions: (i) Does movement vary within, and out of, each land use type? (ii) Does 
the distance travelled by recaptured individuals vary between land cover types? (iii) Does 
the direction of capture indicate future movement direction? 
The reptiles and frogs in our study were mostly ground-dwelling species. Both 
taxa have limited dispersal abilities, thermoregulatory constraints, some have narrow 
niche specialisation, and close association with ground layer vegetation (Gibbons et al. 
2000; Kearney et al. 2009b; Stuart et al. 2004). This means that their movement should 
be highly affected by land use type and their movement will be very different to more 
mobile taxa such as birds. 
We predicted that animals would rarely move out of, and move less within, high 
quality habitat than poorer quality habitat (Hein et al. 2003). Previous work in our study 
landscape and in similar landscapes to the one we studied, has indicated that some species 
are found frequently in paddocks (Brown et al. 2011; Jellinek et al. 2014; Pulsford et al. 
2017a). However, it is uncertain whether reptiles and frogs perceive paddocks as habitat 
or movement pathways. Additionally, paddocks may act as ecological traps, which is 
where human actions result in changed environments and then animals make poor habitat 
choices based on previous cues and ignore higher quality habitat (Schlaepfer et al. 2002). 
Therefore, we sought to determine if reptiles and frogs were using each land cover type 
as habitat or were simply moving through those environments.  
 
5.3 Methods 
Study design and area 
Our study was conducted in the Southern and Central Tablelands of south-eastern 
NSW, Australia. This area is used primarily for agricultural production including 
livestock grazing and some cropping of wheat (Triticum vulgare) and canola (Brassica 
napus). Average annual rainfall among the field sites was 620mm (sd = 92). Historically, 
the dominant vegetation type was Box-Gum Grassy Woodland. This vegetation type now 
persists primarily as small remnants (Lindenmayer et al. 2016) and is listed as a 
Threatened Ecological Community by the New South Wales and Australian governments 
(Environment Protection and Biodiversity Conservation Act 1999). This landscape is 
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fine-grained with the type of land cover often changing within distances of 200 metres or 
less. 
We surveyed reptiles and frogs on 12 farms that grazed cattle (Bos taurus) and/or 
sheep (Ovis aries) and contained remnants of woodland adjacent to grazed paddocks. All 
farms were at least 5kms (and on average 18kms away) from the nearest neighbouring 
site. We established 160m long transects at each farm in both remnant woodland and in 
four paddock types: 1) pasture (an open grazed paddock, n = 12), 2) coarse woody debris 
addition (a grazed paddock with pieces of coarse woody debris added, n = 12), 3) fence 
(fence line running between two grazed paddocks from the edge of a remnant, n = 12) 
and 4) planting (a fenced linear planting of native trees, n = 6 due to the rarity of 
appropriate plantings in the study region) (Fig. 1). Transects on each property did not 
necessarily originate from a single remnant so that there were 23 remnants surveyed over 
the 12 farms in total. All transects were at least 200m apart. Remnants were generally 
rarely grazed but livestock were not entirely excluded. The farms were grazed under 
either continuous or rotational grazing regimes but, as the only difference was a steeper 
increase in frog species richness in continuous grazing regimes compared to rotational as 
annual rainfall increased, we do not explore this further in this paper (see Pulsford 2017; 
Pulsford et al. 2017a). 
 
Survey method 
We surveyed reptiles and frogs at each property using a transect extending from 
inside the remnant patch and out into the adjacent land use type. Each transect consisted 
of six trapping arrays spaced at 20, 50 and 80 metres and extending from the edge into 
both the remnant and adjacent paddock type (Fig 1). Trapping arrays consisted of a ten 
metre long drift fence, two pitfall buckets (15L) and two funnel traps (Terrestrial 
Ecosystems, Perth, Australia). The drift fence was positioned so that it was parallel to the 
edge between the remnant and the matrix, and one of each type of trap was installed on 
each side of the drift fence (Fig 1).  
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Figure 1. Diagram representing the study design. a) Transects ran through the four paddock types and 
adjacent remnants, b) the distance spread of the trapping arrays from the edge.  Traps were bisected by a 
drift fence (facing the remnant or the paddock) to examine direction and were labelled as either P 
(movement towards paddock) or R (movement toward remnant). 
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We conducted surveys for five trapping nights with traps cleared daily. Each 
animal was identified, measured, photographed and individually marked using Visible 
Implant Elastomer (VIE) (Northwest Marine Technology Inc., WA, USA) (see below). 
We released animals on the opposite side of the trapping array from which they were 
caught to allow them to continue moving in the same direction as when first captured. We 
completed five surveys between 2014 to 2015: round 1 in late summer (Jan - March 
2014), round 2 in spring (Oct - Nov 2014), round 3 in early summer (Dec 2014 - Jan 
2015), round 4 in mid-summer (Jan - Feb 2015) and round 5 in late summer (Feb - March 
2015). Trapping occurred almost continuously over the seasons so no particular weather 
conditions were targeted. However, trapping did not proceed during one high bushfire 
danger period. We completed a total of 25,200 trap nights. 
 
Tagging method 
The use of VIE involves carefully injecting a small silicone tag under the skin of 
an animal. VIE has been shown to have a negligible effect on the short-term movement 
and survival of frogs (Sapsford et al. 2014).  Individualised marks are created through 
combinations of mark placement on the body and the use of different dye colours. Marks 
were placed on the ventral side of animals to reduce visibility of the marks to predators. 
VIE provided unambiguous individual identification of recaptured reptiles but is less 
effective in frogs than reptiles due to mark migration. On the occasions where marks on 
frogs were ambiguous, identification was verified using photographs, or the record was 
discarded from the recapture dataset if the uncertainty could not be resolved.  
 
Statistical Analysis 
We analysed the difference in movements within and out of the land use types 
using binomial Generalised Linear Mixed Models (GLMMs). We used the “lme4” 
package (Bates et al. 2015) with transect nested within site as random effects. Where 
groups of species were analysed, species was also included as a random effect. An animal 
was coded as either having moved from one trap array to another (or not). Each response 
(moved or not) was classified by the land use type in which it was captured (fixed effects). 
The response variables analysed in the models were recaptures of: frogs, reptiles, the two 
most recaptured frog species (spotted marsh frog Limnodynastes tasmaniensis and 
smooth toadlet Uperoleia laevigata), and the single common reptile species (Boulenger’s 
skink Morethia boulengeri). We first analysed the recaptures that occurred within the 
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same survey period as the previous capture (i.e. within five days). We then analysed the 
recaptures that occurred in a different survey to the previous capture (a month or more). 
This allowed us to differentiate movements over a few days from movements that 
occurred over a month or more. 
There can be seasonal influences on abundance and movement behaviours (e.g. 
Brown et al. 2005; Paltridge and Southgate 2001). We used binomial GLMMs to test for 
differences in movement according to the month of capture to determine if there were 
seasonal effects, with movement coded as having moved or not as the response variable, 
month as the fixed effect, and transect nested within site and species as random effects.  
We also used GLMMs with a negative binomial distribution to determine if there 
were differences in the distance to the nearest water body between remnants and 
paddocks, and between the four paddocks types (mean distance to water = 256m, sd = 
174, see Appendix S3). For these models, the distance to water was the response variable, 
the land use types were the fixed effects, and the random effect was site. We used a 
negative binomial distribution for these models to account for differences in 
mean/variance relationships. We created subsets of our data using the “dplyr” package to 
analyse the response variables separately. We determined significant trends in the models 
using the Anova function from the package “car” (Fox and Weisberg 2011). All analysis 
was performed in R (R Core Team 2014) and plots were drawn with ggplot2 (Wickham 
2009). 
To answer our second question (does the distance travelled by recaptured 
individuals vary between land cover types?), we first visualised the range of distances 
moved by individuals by plotting the distance travelled by reptiles and frogs that were 
captured in the same survey round and in different survey rounds. We then modelled the 
difference in movement distance using linear mixed models by applying the “lme4” 
package (Bates et al. 2015) with transect nested within site as random effects. We 
modelled the same reptile and frog response variables as described above. When 
analysing groups of species, we included species as a random effect. Prior to analysis, we 
ln(x+1) transformed distance values as there were a large number of zeros and a few 
individuals that moved long distances.  
To answer our third question (does the direction of capture indicate future 
movement direction?), we tested whether the side of the drift fence that an individual was 
captured on indicated future movement direction. We labelled one side of the drift fence 
R and the other P, so that an animal caught on the “R” side was assumed to be moving 
towards a remnant and an animal caught on the “P” side was assumed to be moving 
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towards a paddock. We then coded each movement as either “True” - being in the 
predicted direction (i.e. continuing straight along the transect in the direction inferred 
from initial capture side), or “False” – an animal moved in the opposite direction to the 
predicted direction (i.e. moving along the transect in the opposite direction to what was 
inferred from initial capture side). Some recaptures were classified as NA as the recapture 
trap was in a different transect and the direction was ambiguous.  
 
5.4 Results 
We recorded 2,378 captures of 11 different frog species, and 1,186 captures of 28 
reptile species. Approximately 51% of frog captures and 60% of reptile captures were in 
remnants compared to the paddocks. Among the sites that contained all four paddock 
types for frogs captured in the paddocks, 25% occurred in pasture, 18% in coarse woody 
debris, 34% along fences, and 23% in plantings (among the sites that contained all four 
paddock types) (Fig. 2). For reptiles, 15% of captures in the paddocks were in pasture, 
17% were in the coarse woody debris, 23% were along fences, and 44% were in plantings 
(Fig. 2). 
 
 
Figure 2. Capture rates of reptiles and frogs by land use type. a) Captures in remnant vs paddocks, b) 
captures in the four paddock types (only sites with plantings are displayed due to uneven sampling). 
 
We recaptured 353 individuals at least once during the study, comprising 243 
frogs and 114 reptiles (see Appendix S1 for species nomenclature). There was a total of 
450 recapture events, with 70 animals caught multiple times (out of a total of 3,564 
captures). Most animals were recaptured at the same trap array as their previous capture 
(total: 76.3%, reptiles: 78.9% and frogs: 74.7%) and therefore no movement was detected 
for these animals (Table 2). Of the 19 species which were recaptured, 13 species were 
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recaptured in a different trapping array from the previous capture at least once. Nineteen 
recaptures could not be matched to their original capture due to ambiguity in the VIE 
markings. The different transect types were at different distances to the nearest water 
body (&2 = 45.433, df = 3, p<0.001), with coarse woody debris transects the furthest and 
pasture transects the closest to water bodies (Fig. 3). There was no difference between the 
paddocks and the remnants in their distance to water (p = 0.42). 
 
 
Figure 3 The distance to the nearest water body for each paddock type. Estimates are plotted onto 
the original scale and error bars represent 95% confidence intervals 
 
Does movement vary within and out of each land use type? 
Individuals were detected moving in all land use types. Reptiles moved more 
within paddocks than remnants (&2 = 5.983, df = 1, p = 0.014) (Fig. 4a, Table 1). Reptiles 
also displayed more movement out of paddocks (and therefore into remnants) than out of 
remnants into paddocks (&2 = 5.509, df = 1, p = 0.019) (Fig. 4b, Table 1).  
Recaptures of the smooth toadlet U. laevigata indicated that more animals moved 
within remnants than within paddocks (&2 = 4.14, df = 1, p = 0.041) (Fig. 4c, Table 1). 
Recaptures of L. tasmaniensis indicated that more animals moved out of pastures relative 
to other paddock types (&2 = 6.578, df = 2, p = 0.038) (there were no recaptures of this 
species in the plantings) (Fig. 4d, Table 1).  
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Figure 4. Probability of recapturing an individual in a different trap array within the same (moved within) 
or different (moved out) land use type. a) Recaptured reptiles were more likely to have moved within 
paddocks than remnants, b) recaptured U. laevigata were more likely to have moved within remnants than 
paddocks c) recaptured reptiles were more likely to have moved out of paddocks than remnants, d) 
recaptured L. tasmaniensis were more likely to have moved out of pasture than other paddock types (no 
recaptures were recorded in plantings. Bar below each plot indicate recapture rates by land use type. 
Estimates are plotted onto the original scale and error bars represent 95% confidence intervals. 
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Table 1. Summary of movements within and out of land use types for recaptures that occurred across multiple surveys 
 
Moved within 
(remnant vs paddock) 
Moved out of 
(remnant vs paddock) 
Moved within 
(paddock types) 
Moved out of 
(paddock types) 
 P-value Trend P-value Trend P-value Trend P-value Trend 
Recaptures occurred within the same survey 
Reptiles 0.014 Moved more 
within paddocks 
0.019 Moved more out 
of paddocks 
0.956 No trend 0.841 No trend 
Morethia boulengeri 0.803 No trend 0.991 No trend 1 No trend constant No trend 
Frogs 0.31 No trend 0.487 No trend 0.950 No trend 0.07 No trend 
Uperoleia laevigata 0.041 Moved more 
within remnants 
1 No trend 1 No trend constant No trend 
Limnodynastes tasmaniensis 0.724 No trend 0.641 No trend 0.621 No trend 0.038 Moved most out 
of pastures 
 
Recaptures occurred across multiple surveys 
Reptiles 0.925 Model did not 
converge 
Not enough data 0.979 No trend No individuals moved out 
Morethia boulengeri 0.535 No trend Not enough data 0.661 No trend No individuals moved out 
Frogs 0.066 More moved 
within remnant 
0.380 No trend 0.999 No trend 0.4783 No trend (moved 
out = 3 fence, 1 
pasture, 1 CWD - 
total of 21 
Uperoleia laevigata 0.189 Slightly more 
moved in remnant 
0.276 No trend Insufficient data 0.5474 No trend 
Limnodynastes tasmaniensis 0.3766 No trend 0.139 Slightly more 
moved out of 
remnant 
Insufficient data 1 All 3 that moved 
out, moved out of 
the fence (out of 
12 recaptures 
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Does the distance travelled by recaptured individuals vary 
between land cover types?  
Most recaptured reptiles and frogs did not move between where they were first 
captured and then recaptured (76.3%) (Fig. 5). However, some individuals moved 30m 
(to the next closest trap array) whereas others moved over 1,300m (to a different land use 
type). Overall, reptile species moved longer maximum distances than frogs but some 
frogs moved further than reptiles within the same survey period (Fig. 5 and Table 2). 
Individuals of the reptile genus Lampropholis moved the longest distances (up to 
1,326m). Individuals of the frog species L. tasmaniensis recorded the longest movement 
of any frog species (719m) (see Appendix S4 for a graphical representation of distances 
for each species). 
 
 
Figure 5. Distances moved by recaptured reptile and frog individuals between captures. Larger circles 
indicate larger counts. The reptile and frog distances are divided into captures occurring within the same 
survey period (within 5 days) and captures occurring between different survey periods (from a month to a 
year difference). 
 
Reptiles were more likely to move longer distances if the previous capture was in 
a paddock rather than a remnant for recaptures occurring in the same survey round (&2 = 
17.884, df = 1, p<0.001) (Fig. 6a). There was no difference in distance moved for the 
other reptile response variables but there were insufficient data to model the influence of 
paddock type on the most commonly recapture reptile species M. boulengeri. 
Recaptured frogs moved the shortest distances in the coarse woody debris 
transects if recaptured in a different survey round to the previous capture (&2 = 11.752, 
df = 2, p = 0.003) (Fig. 6b). L. tasmaniensis individuals were more likely to move longer 
distances in pastures relative to other paddock types for recaptures occurring in the same 
survey round (&2 = 8.1063, df = 2, p = 0.017) (Fig. 6c).  However, L. tasmaniensis 
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individuals recaptured in a different survey round to the previous capture moved the 
shortest distances if originating in the pasture, but there was a high level of variability in 
distances moved for each paddock type (&2 = 10.327, df = 2, p = 0.006) (Fig. 6d).  
Uperoleia laevigata individuals moved further when previously captured in remnants 
than paddocks for recaptures within the same survey (&2 = 5.634, df = 1, p = 0.018) (Fig. 
6e). Analyses for frogs in different surveys and for L. tasmaniensis included only three 
paddock types (pasture, coarse woody debris and fence), as these groups had no recorded 
recaptures in the plantings. 
The direction of capture (i.e. which side of the drift fence an individual was 
captured on) did not indicate future direction of movement for recaptured individuals. For 
the animals captured in a different trap array from where it was previously captured, 48% 
(frogs = 51%, reptiles = 42%) moved in the direction predicted from their previous 
capture (excluding animals where the second capture was in an ambiguous direction).  
 
Table 2 Distance moved by recaptured reptiles and frogs. SS = within the same survey, AS = across 
different surveys. 
Species Total 
number of 
recaptures 
No. 
moved 
Maximum 
distance (m) -  
Average 
distance (m)† 
Reptiles   SS AS SS AS 
Acritoscincus duperreyi 6 2 (33%) 70 na 50 na 
Amphibolurus muricatus 2 1 (50%) 60 na 60 na 
Carlia tetradactyla 11 5 (45%) 60 40 42.5 40 
Ctenotus robustus 25 5 (20%) 100 30 47.5 30 
Ctenotus taeniolatus 33 2 (6%) 30 60 30 60 
Lampropholis delicata 8 1 (12%) 0 1326 na 1326 
Lampropholis guichenoti 22 5 (23%) 30 1292 556.8 688.5 
Morethia boulengeri 32 8 (25%) 160 811 95 271 
Pseudemoia pagenstecheri 1 1 (100%) 100 na 100 na 
 
Frogs       
Crinia signifera 14 1 (7%) 0 30 na 30 
Limnodynastes dumerilii 6 2 (33%) 30 na 30 na 
Limnodynastes tasmaniensis 142 41 (29%) 252 719 85.3 166.2 
Uperoleia laevigata 104 27 (26%) 240 437 69.4 183 
†Out of the animals that were captured in a different trap array  
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Figure 6. Distance moved by land cover type: a) reptiles recaptured in the same survey, frogs recaptured 
in a different survey from previous capture, c) Limnodynastes tasmaniensis individuals recaptured in the 
same survey, d) Limnodynastes tasmaniensis individuals recaptured in a different survey from previous 
capture, e) Uperoleia laevigata individuals recaptured in the same survey.  
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5.5 Discussion 
It is important to understand animal movement to better inform conservation 
management (Driscoll et al. 2014). It is also important to better understand the links 
between movement and land use types, as most landscapes are comprised of a range of 
land uses and cover types (mosaics or gradients) (Bennett et al. 2006; Stirnemann et al. 
2015). We found that because reptile and frog movement was influenced by land cover 
type, it is likely that most frogs and reptiles perceived all the land cover types as habitat. 
This was because: (1) we recorded moderate numbers of recaptures in most land cover 
types, (2) most movements were over only short distances, and (3) there were low rates 
of movement out of all land cover types. There were two exceptions to these general 
findings. First, frogs may use fences as corridors. Second, there were no recaptures of L. 
tasmaniensis in plantings, suggesting that this species may not use plantings as habitat.  
Generally, evidence that would suggest that animals were only moving through 
these areas could be low recapture rates, long movement distances, and strong directional 
movement (Hein et al. 2003; Prevedello et al. 2010; Schooley and Wiens 2003). 
Alternatively, evidence that would support that the land cover type is habitat would be 
high recapture rates and low rates of movement between land cover types (Schultz and 
Crone 2001). Other factors such as shelter, levels of predation and key resources such as 
water bodies are also likely to influence the movement behaviour of the frogs and reptiles. 
Movements of animals can occur across a range of spatial and temporal scales and can 
have different purposes (Barton et al. 2015). It is likely that most movement detected in 
our study is small scale “everyday” or “maintenance” movements (Roshier et al. 2008; 
Watson et al. 2017).  
 
Movement within and out of the different land use types 
Reptiles moved more within paddocks compared to remnants, and were more 
likely to move out of paddocks. This is contrary to the findings of Rotem et al. (2013) 
who found that wheat fields acted as ecological traps for the skink Trachylepis vittata. In 
that investigation, animals moved mostly from the semi-natural habitat into wheat fields 
prior to harvest, and there was limited movement from the fields into the natural habitat 
(Rotem et al. 2013). Unlike in the Rotem et al. (2013) study, both paddocks and remnants 
appeared to be habitat for reptiles in our grazing system. However higher frequency of 
movement both within and out of paddocks suggested that paddocks provide lower 
quality habitat than remnants.  
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Frog movement patterns displayed variability among species, with the two most 
common species exhibiting different movement behaviours. The greater levels of 
movement of L. tasmaniensis out of the pasture compared to the other paddock types 
could be explained in two ways. First, previous analysis of these data showed that L. 
tasmaniensis was highly abundant in pastures (Pulsford 2017).  The combined findings 
that the majority of L. tasmaniensis recaptures in the pasture indicated no movement and 
the higher frequency of movement in the pastures suggests that while L. tasmaniensis 
appears to perceive the pasture as habitat, it likely provides lower quality habitat for this 
species than the other paddock types. Similarly, a study on bush crickets (Platycleis 
albopunctata) in agricultural landscapes found higher rates of movement in lower quality 
land cover types (Hein et al. 2003). Second, there was a shorter distance between pastures 
and the closest water body compared to the other land management types, which may 
have resulted in greater movement between aquatic and terrestrial habitat. Limnodynastes 
tasmaniensis breeds through most of the year after rain (Cogger 2014), which may 
partially explain some of this movement. There were no recaptured L. tasmaniensis 
individuals that originated in the plantings and there was also a lower capture rate in the 
plantings for this species compared to the other land use types (Pulsford 2017). This 
suggests linear plantings are not good habitat for L. tasmaniensis and it may be that the 
plantings are acting as movement corridors for this species. 
Uperoleia laevigata individuals in remnants compared to paddocks were more 
often recaptured in different trap arrays from previous captures and moved further 
distances within remnants than paddocks. We recorded higher abundances of U. laevigata 
in remnants than paddocks (Pulsford 2017), but there were similar numbers of recaptures 
in paddocks and remnants. There were therefore a lower proportion of recaptures in 
remnants compared to paddocks. Greater movement in remnants but not indicating 
movements leaving the remnants could be evidence that remnants provide higher quality 
habitat as the animals are able to move around easily for foraging with little risk of 
predation as . In the paddocks, there may be more predation risk which results in less 
movement. There is higher structural complexity in the remnants compared to the 
paddocks and structural complexity can influence both predation risk and an animals 
perception of predation risk (Sato et al. 2014) and movement behaviour has been shown 
to alter with predation risk across a range of taxa (e.g. Martin and Owen-Smith 2016). 
Additionally, desiccation risk could be influencing the differences in the movement of U. 
laevigata in the different land cover types. For example, another study found that the 
locations of activity centres of the giant burrowing frog (Heleioporus australiacus) were 
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largely driven by levels of shade provided by shrubs and understorey (Penman et al. 
2008).  
 
Distances moved by reptiles and frogs in a grazing landscape 
Knowledge is lacking of the distances moved by and the home range sizes of, 
many species of reptiles and frogs (Driscoll et al. 2014). We found a range of distances 
moved between capture points for reptile and frog species, thus helping to fill this 
knowledge gap.  
Our results agree with other studies that have shown that movement distances by 
animals can differ according to land cover type, which has implications for the isolation 
of populations. For example, Hitchen et al. (2011) found that the Jacky Lizard 
(Amphibolurus muricatus) moved the furthest in Banksia scrub (34m), intermediate 
distances in invasive African Love grass (Eragrostis curvula) (28.5m), and shortest 
distances in lawn (19.6m). Another study found that grand skinks (Oligosoma grande) 
moved greater distances in tussock grasslands compared to pasture and therefore those 
populations surrounded by pasture had a higher risk of population extinction and reduced 
probability of re-colonisation (Gebauer 2012).  
Frogs that were recaptured a month or more after the previous capture were more 
likely to move longer distances along fences than the other paddock types. These frogs 
may be using fences as movement corridors. Linear features in other agricultural 
landscapes have been found to facilitate movement of animals. For example, a study on 
the Meadow brown butterfly (Maniola jurtina) found that grassy field margins facilitated 
movement through an agricultural landscape (Delattre et al. 2013). Fences in our study 
often had a build-up of vegetation and debris at the base, which could provide shelter 
from predation and desiccation. Fences also may guide the direction of movement of frogs 
which could be positive if the fences lead frogs to where they want to go (habitat, water 
body etc.) but could be problematic if the fences direct them away from good habitat. 
Additionally, fences can act as barriers if they are not permeable to native species (e.g. 
Ferronato et al. 2014; Pokorny et al. 2017). Therefore, there are important implications 
of the positioning and types of fences for the movement of native frogs in human-
modified landscapes. 
 
163 
 
Method did not allow inference of direction of movement  
Several studies have used the direction of capture into traps such as pitfall traps 
to provide information about the direction that an animal is travelling (e.g. Doody et al. 
2015; Driscoll 1997; Duelli et al. 1990; Frost et al. 2015; Westgate et al. 2012). The lack 
of relationship between direction of movement upon capture and after release has two 
plausible explanations. First, the animals may have very convoluted movement paths due 
to there being few hard boundaries in this landscape and that the target species being 
examined have been found to respond primarily to environmental gradients rather than 
distinct patch-matrix differences (Pulsford et al. 2017b). Second, the action of capturing, 
marking and releasing animals may have altered their movement direction from what 
would have occurred without human interference. Caution must be used when 
interpreting direction of capture and studies should check the validity of this assumption 
in their system by using alternative methods such as mark-recapture or direct tracking. 
 
Implications and conclusions 
Reptiles and frogs in this study appeared to use the entire grazing landscape as 
habitat. It is possible that the species assemblage is depauperate and the more specialised 
species that could not use the entire fragmented human-modified landscape as habitat 
have disappeared from the ecosystem (Brown 2001; Brown et al. 2008; Michael et al. 
2016). The study landscape is currently somewhat fine-grained with the land cover type 
changing over short distances (i.e. transects in this study could not be longer than 160m 
as land cover frequently changed). A fine-grained landscape may facilitate reptile and 
frog persistence due to high heterogeneity in vegetation cover over short distances. 
Similarly, Debinski et al. (2001) found that the scale of the landscape mosaic can 
influence diversity and abundance of  butterflies. Another investigation in a more course 
grained landscape subject to the north west of our study region found no reptiles in the 
paddocks apart from two individual blind snakes (Driscoll 2004). Intensification of 
agriculture have been repeatedly shown to have negative impacts on biodiversity while 
more structurally complex agricultural systems can have positive impacts on biodiversity 
(Donald et al. 2001; Tscharntke et al.). Therefore, changes to land management practices 
that alter heterogeneity by either increasing the size of paddocks (the human-modified 
land cover) or altering land use so that cropping becomes predominant may therefore have 
negative impacts on the ability of the reptiles and frogs to use the entire landscape as 
habitat.  
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5.8 Appendix S1: Species Nomenclature and captures 
Table S1. Species nomenclature and capture rates 
Species Naming authority Common name Family Captures 
Reptiles     
Acritoscincus duperreyi (J.E. Gray, 1838) Eastern three lined skink Scincidae 65 
Amphibolurus muricatus (White, 1790) Jacky lizard Agamidae 40 
Carlia tetradactyla (O’Shaughnessy, 1879) Southern rainbow skink Scincidae 159 
Ctenotus orientalis Storr, 1971 Spotted back skink Scincidae 35 
Ctenotus robustus Storr, 1971 Eastern striped skink Scincidae 63 
Ctenotus taeniolatus (White, 1790)  Copper tailed skink Scincidae 101 
Hemiergis decresiensis talbingoensis Copland, 1946 Eastern three toed skink Scincidae 48 
Lampropholis delicata (De Vis, 1888) Dark flecked garden sunskink Scincidae 81 
Lampropholis guichenoti (Duméril & Bibron, 1839) Pale flecked garden sunskink Scincidae 193 
Morethia boulengeri (Ogilby, 1890) Boulenger's skink Scincidae 306 
Pseudemoia pagenstecheri (Lindholm, 1901) Tussock skink Scincidae 19 
     
Frogs     
Crinia parinsignifera Main, 1957 Plains froglet Myobatrachidae 60 
Crinia signifera Girard, 1853 Common eastern froglet Myobatrachidae 102 
Limnodynastes dumerilii Peters, 1863 Eastern bango frog/ Pobblebonk Limnodynastidae 102 
Limnodynastes tasmaniensis Günther, 1858 Spotted marsh frog Limnodynastidae 1003 
Litoria dentata (Keferstein, 1868) Bleating tree frog Hylidae 11 
Litoria peronii (Tschudi, 1838) Peron's tree frog Hylidae 26 
Litoria verreauxii (Duméril, 1853) Verreaux's tree frog Hylidae 69 
Uperoleia laevigata Keferstein, 1867 Smooth toadlet Myobatrachidae 984 
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5.9 Appendix S2: Recaptures across multiple survey rounds 
Table S2. Summary of movements within and out of land use types for recaptures that occurred across multiple surveys 
 
Moved within 
(remnant vs paddock) 
Moved out of 
(remnant vs paddock) 
Moved within 
(paddock types) 
Moved out of 
(paddock types) 
 P-value Trend P-value Trend P-value Trend P-value Trend 
Reptiles 0.925 Model did not 
converge 
Not enough data 0.979 No trend No individuals moved out 
Morethia 
boulengeri 
0.535 No trend Not enough data 0.661 No trend No individuals moved out 
Frogs 0.066 More moved within 
remnant 
0.380 No trend 0.999 No trend 0.4783 No trend (moved out = 3 
fence, 1 pasture, 1 CWD 
- total of 21 
Uperoleia 
laevigata 
0.189 Slightly more 
moved in remnant 
0.276 No trend Insufficient data 0.5474 No trend 
Limnodynastes 
tasmaniensis 
0.3766 No trend 0.139 Slightly more 
moved out of 
remnant 
Insufficient data 1 All 3 that moved out, 
moved out of the fence 
(out of 12 recaptures 
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5.10 Appendix S3: Distance to nearest water body 
by transect paddock type 
 
Figure S1. The distance to the nearest water body for each paddock type. Estimates are plotted onto the 
original scale and error bars represent 95% confidence intervals. 
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5.11 Appendix S4: Reptile and frog distances 
between recaptures moved by species 
 
Figure S2. Movement distances between a) reptile and b) frog species. 
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Chapter 6: Conserving reptiles in 
agricultural woodland landscapes of 
south-eastern Australia 
 
 
 
 
In Papers I, II and IV, I examined different aspects of reptiles in agricultural 
landscapes using data I collected. In this final paper (Paper V) I synthesise the current 
state of knowledge from studies on reptiles in woodland agricultural landscapes in south-
eastern Australia. I also present a conceptual synthesis of how habitat and management 
factors can influence reptile populations and synthesise the management implications of 
the combined research on these reptile assemblages. 
 
 
Pulsford, S. A., Barton, P. S., Driscoll, D. A. and Lindenmayer, D. B., In Prep. 
Conserving reptiles in agricultural woodland landscapes of south-eastern Australia, 
Wildlife Research 
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6.1 Abstract 
Agriculture is a major threat to terrestrial reptiles globally, including the temperate 
woodland landscapes in south-eastern Australia. To better conserve reptiles we need a 
greater understanding of how they respond to land use, human land management, and 
environmental conditions.  
Here we review the state of knowledge of reptile conservation in agricultural 
landscapes and remnant woodlands in south-eastern Australia. We then present a 
conceptual diagram of the key factors shown to influence reptile populations. We draw 
on published papers on reptiles in woodland agricultural (primarily livestock grazing) 
landscapes of south-eastern Australia to make a series of management recommendations.  
We found reptiles in agricultural landscapes were strongly affected by vegetation 
attributes such as trees, remnant vegetation, and ground cover. Rocks and coarse woody 
debris provided vital microhabitats for many reptile species. Effective reptile 
conservation is dependent on these attributes remaining in the landscape. Addition of 
coarse woody debris can be an effective restoration tool but most benefit arises from large, 
old, partially decayed logs that are clumped and in high densities. Grazing practices have 
less clear impacts on reptile conservation and grazing impact on vegetation, rocks and 
coarse woody debris may be more important than direct impact on reptiles.  
Key management actions in these landscapes include restoration and protection 
of vegetation attributes (remnant vegetation, tree cover and ground cover especially), 
leaving rock and woody debris in situ, and reducing livestock grazing pressure in sensitive 
areas such as rocky outcrops, new plantings, and remnant vegetation. There are gaps in 
the current knowledge gaps about how reptiles move through agricultural landscapes, and 
in how interspecific interactions and edge effects impact reptile populations. 
 
Key words 
Reptiles, grazing, woodlands, conservation, south-eastern Australia, agriculture 
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6.2 Introduction 
Globally, agricultural land use is a major threat to terrestrial reptiles (Böhm et al., 
2013) and to biodiversity per se (Maxwell et al., 2016). Greater understanding of how 
reptiles respond to land use, management and environmental conditions in agricultural 
landscapes is essential to better inform management decisions aimed at enhancing reptile 
conservation. We therefore need to improve our understanding of which are the key 
factors that affect reptile distribution, and the links between these factors and reptile 
occurrence in human-modified agricultural landscapes. 
Reptiles play important roles in ecosystems through predation of invertebrates, 
being prey for other vertebrate species, and filling other roles such as seed dispersal 
(Böhm et al., 2013). Key threats to reptiles include habitat loss and degradation, invasive 
species, pollution, disease, parasitism, unsustainable human use, and climate change 
(Gibbons et al., 2000). The biology of reptiles means that they respond to agricultural 
management actions and land use change in different ways to other more commonly 
studied taxa, such as birds. For example, many reptiles are ground-dwelling and therefore 
the structure of the ground layer is important (Brown et al., 2008). The ability to access 
appropriate microclimates for thermoregulation is vital for reptiles, and therefore 
different types of shelter and sites for basking need to be dispersed through the landscape 
(Sears et al., 2016). Agricultural land use can result in land clearing, altered vegetation 
cover, and altered abiotic conditions which, in turn, influences available habitat for 
reptiles and their ability to persist in these environments (Fleischner, 1994; Eldridge et 
al., 2016; Rotem et al., 2016). 
In this paper, we synthesise current knowledge on reptiles in Australian 
agricultural landscapes, focusing on the primarily grazed woodland landscapes in the 
temperate region of south-eastern Australia (Fig. 1). Our research question was: What are 
the key factors influencing reptile assemblages in these landscapes? To answer this 
question, we first reviewed the literature and identified the key factors known to influence 
reptile conservation in these landscapes (see Table S1). In this paper, we synthesise the 
current state of knowledge of each of these key factors and summarise the resulting 
management implications. We then present a conceptual diagram to elucidate the current 
understanding of these factors, identify clear knowledge gaps, and conclude with 
overarching management recommendations. Our intention is for this information to guide 
reptile conservation in woodland agricultural landscapes, as well as to highlight the body 
of evidence (or lack thereof) linking ecological and land use factors to reptile occurrence 
and conservation. 
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6.3 Methods 
Our review focused on the tablelands and inland slopes of south-eastern Australia, 
which once contained vast swathes of temperate eucalypt woodland (Hobbs and Yates, 
2000). These regions have been largely cleared for agriculture and are now used 
predominantly for livestock grazing and cropping. Native woodland vegetation that 
persists in these landscapes occurs as small and often degraded remnants (Lindenmayer 
et al., 2016). Dominant vegetation types in the region include three nationally listed 
Threatened Ecological Communities (Environment Protection and Biodiversity 
Conservation Act 1999): White Box-Yellow Box-Blakely's Red Gum Grassy Woodland 
and Derived Native Grassland (critically endangered), Buloke woodlands (endangered), 
and Grey Box (Eucalyptus microcarpa) Grassy Woodlands and Derived Native 
Grasslands (endangered) (Department of the Environment and Energy, 2017b; 
Department of the Environment and Energy, 2017a; Department of the Environment and 
Energy, 2017c) (see Fig 1. for distributions of these communities). 
We reviewed the literature on reptiles in agricultural woodland landscapes in 
south-eastern Australia. To find relevant literature, we searched the ISI Web of Science 
database with the search terms “reptile”, “woodland”, and “Australia” in the topic field. 
We narrowed the search to ecological studies and included only studies in agricultural 
landscapes in the focal region. We also searched the bodies of work of authors that have 
published previously on this topic to ensure we had not missed key papers. From this 
search, we found 27 relevant papers (including 2 reviews) (see Table S2 for a detailed list 
of papers and their key findings). We further supplemented this review with a further 
seven papers that provided relevant information about woodland reptile species or habitat 
attributes, but were not conducted in temperate agricultural woodland landscapes.  
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Figure 1. Maps indicating predicted distribution of the three dominant threatened ecological communities 
that occur in the target area of this study: a) White Box-Yellow Box-Blakely's Red Gum Grassy Woodland 
and Derived Native Grassland, b) Buloke Woodlands of the Riverina and Murray-Darling Depression 
Bioregions, c) Grey Box (Eucalyptus microcarpa) Grassy Woodlands and Derived Native Grasslands of 
South-eastern Australia. These maps are approximate only and are adapted from: (Department of the 
Environment and Energy, 2017c; Department of the Environment and Energy, 2017a; Department of the 
Environment and Energy, 2017b). d) Map indicating approximate locations of the studies discussed in this 
paper sourced from maps and descriptions of study sites listed therein. Shading indicates areas of few 
studies (yellow) to many studies (dark red). 
 
6.4 Review of the literature 
In this section, we discuss the key factors influencing reptiles in agricultural 
woodland landscapes which we identified as the most discussed factors in a complete 
review of the relevant literature (Appendix 1). We categorised these factors into four 
groups: 1) habitat factors such as vegetation and rocks, 2) land management factors such 
as grazing practices and fragmentation, 3) abiotic factors such as elevation and climate, 
and 4) intrinsic factors such as movement and interspecific interactions.  
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Habitat factors 
Vegetation 
Vegetation attributes such as composition, structure and type have a large 
influence on the distribution, abundance and richness of reptiles in woodland ecosystems 
(Michael et al., 2011; Michael et al., 2016; Michael et al., 2017; Pulsford et al., 2017a). 
Below we discuss several attributes of vegetation and their influence on reptiles.  
 
Old-growth and remnant vegetation 
Many reptile species are known to be associated with, or specialised to, old-
growth or remnant woodland vegetation (Brown, 2010; Michael et al., 2015). 
Interestingly, Jellinek et al. (2004) found that reptile abundance and richness was similar 
in revegetated, remnant and cleared habitats. Cunningham et al. (2007), however, found 
that vegetation type (planting, old-growth woodland, naturally occurring seedling 
regrowth woodland, and coppice regrowth woodland) influenced reptile occurrence, and 
higher numbers of species per farm were associated with higher amounts of remnant 
vegetation. These two studies occurred in different areas (mid-northern Victoria and 
South West Slopes, NSW respectively), which may partly explain the differences in 
findings. 
One study in our target region found that the size of remnant patches influenced 
reptiles, with larger patches supporting higher abundance and richness of reptiles than 
smaller patches (Brown et al., 2008). However, three other studies found no link between 
patch size and reptiles richness or abundance (e.g. Hadden and Westbrooke, 1996; 
Pulsford et al., 2017a). The shape of remnants also does not appear to have a large 
influence on reptile abundance (Jellinek et al., 2004).  
Many reptiles are likely to be able to use the whole landscape and therefore the 
structure and amount of vegetation in the whole landscape has a greater influence on 
reptiles than the size and shape of a specific patch (Pulsford et al., 2017a). Additionally, 
Cunningham et al. (2007) found that there was lower species richness in farms with 
plantings, which they suggested was because farms with plantings had less native 
vegetation and course woody debris.  
In summary, management in agricultural landscapes should retain remnant 
vegetation in all shapes and sizes, and new plantings do not always provide the same 
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benefits to reptiles as old-growth/remnant vegetation (Cunningham et al., 2007; Pulsford 
et al., 2017a). 
 
Trees 
Tree cover at both the landscape scale and plot scale are important for reptiles. 
Many studies have found that increased tree cover results in higher reptile richness or 
abundance compared to lower levels of tree cover or the absence of trees (e.g. Brown et 
al., 2008; Brown et al., 2011; Dorrough et al., 2012; Pulsford et al., 2017a). Additionally, 
high levels of canopy cover have been associated with higher occurrences of Carlia 
tetradactyla (Fischer et al., 2003), Morethia boulengeri (Fischer et al., 2004; Pulsford et 
al., 2017a) and Lampropholis guichenoti, as well as the total abundance of reptiles 
(Pulsford et al., 2017a). However, woodlands are relatively open environments and many 
reptile species need access to basking sites. Therefore, dense canopies or high stem 
densities can have a negative impact on some reptiles (Michael et al., 2008; Kay et al., 
2016a).  
In summary, management actions in agricultural woodland landscapes that 
increase overall tree cover in the landscape are likely to have positive impacts on the 
reptile assemblage (Brown, 2010; Dorrough et al., 2012; Pulsford et al., 2017a), but 
overly dense growth can have a negative impact on reptiles (Michael et al., 2008; Kay et 
al., 2016a). 
 
Ground cover 
Ground cover is an important vegetation attribute for reptiles (Brown et al., 2008). 
Some studies have found that ground layer vegetation characteristics had greater impact 
on reptiles than overstorey characteristics, patch type, and shape (Brown, 2001; Jellinek 
et al., 2004). Reptiles have been found to be more abundant and species rich in areas with 
higher native ground cover richness (Brown et al., 2011; Kay et al., 2016a), with higher 
grass cover (Michael et al., 2008), and with greater percent cover of leaf litter (Pulsford 
et al., 2017a). There are also relationships between reptile species richness, and percent 
cover of grass and shrubs, depth of litter (Brown, 2001), and shrub richness (Hadden and 
Westbrooke, 1996; Brown, 2001). Exotic ground cover species can have a negative 
impact on reptile abundance (Michael et al., 2008). Exotic vegetation can indicate human 
disturbance which may be driving this negative association between exotic cover and 
reptiles (Michael et al., 2008). 
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In summary, future management in agricultural landscapes including restoration 
projects should focus on maintaining and restoring native ground cover richness and 
condition (Jellinek et al., 2004; Michael et al., 2017). Improving the state of ground cover 
will increase structural complexity and heterogeneity of vegetation, and therefore benefit 
reptiles (Brown, 2001; Brown et al., 2011; Michael et al., 2017). 
 
Soil  
There has been limited research on soil attributes and reptile responses in the 
target region, although some work has been completed in the rangelands of Australia (e.g. 
Eldridge et al., 2011). Reptiles in the woodland agricultural landscapes appear to be 
negatively affected by fertiliser use (and particularly with high levels of available soil 
phosphorus) due to its influence on ground cover composition and structure (Brown et 
al., 2011; Dorrough et al., 2012) (see previous section on the negative effect of exotic 
ground cover on reptiles). Additionally, Michael et al. (2014b) found that reptile richness 
was positively related to bare ground while Morethia boulengeri was negatively affected 
by bare ground. In summary, the limited research on relationships between soil condition 
and reptile occurrence leaves few clear management recommendations, apart from 
limiting the use of fertiliser.  
 
Rock 
Many reptiles in woodland landscapes have a strong association with rock or are 
rock specialists (Michael, 2010; Michael et al., 2015). Rocks provide crevices, shelter, 
food, microsites and certain vegetation communities (Michael, 2010; Michael et al., 
2011). Rocky outcrops provide similar microhabitats to mature trees such as crevices and 
cavities, and therefore allow some old-growth associated reptile species to persist in 
largely cleared agricultural landscapes (Michael, 2010; Michael et al., 2011). While many 
reptile species in these landscapes are positively associated with rocks (Michael et al., 
2015; Kay et al., 2016a), some species have been found to have a negative association 
with rocks. For example, Fischer et al. (2004) found that Carlia tetradactyla was 
positively associated with areas characterised by few rocks. Michael et al. (2011) found 
that ground-dwelling species responded negatively to granite outcrops.  
The influence of rocks and rocky outcrops on reptile assemblages is affected by 
other factors such as the surrounding landscape and vegetation attributes (Michael et al., 
2008). For example, Michael et al. (2008) found that reptile abundance was highest in 
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outcrops with high structural complexity, that had low exotic grass cover and low stem 
density of vegetation. Species richness was higher on outcrops that were not grazed, were 
larger in size and supported by old-growth remnant vegetation (Michael et al., 2008). 
Additionally, Michael et al. (2011) found that reptile species richness was higher where 
granite outcrops occurred with old-growth woodland, but not with regrowth woodland.  
There are two key management challenges in agricultural landscapes related to 
rocky environments for reptiles. The first is maintaining the rocks in situ and preventing 
them from being damaged. Damage can occur due to collecting of “bush rock”, illegal 
reptile collectors, quarrying, high intensity fires, rock climbers, trampling by livestock, 
extreme motor sports and from vertebrate pests such as the European rabbit (Oryctolagus 
cuniculus) (Michael, 2010). The second management challenge is managing the 
surrounding vegetation. The type, density, composition, and position of vegetation in 
relation to rocky outcrops impacts reptiles' ability to use outcrops (Michael, 2010). 
Heliothermic reptiles need open areas to bask and therefore dense regrowth vegetation in 
rocky outcrops can limit basking sites (Michael, 2010). Optimal vegetation management 
on rocky outcrops should aim to mimic historical vegetation structure and composition, 
with heterogeneous density of cover, minimal weed cover and any highly dense 
vegetation located only in southerly (cooler) aspects (Michael, 2010; Michael et al., 
2011). Fire regimes, vertebrate pests (such as rabbits and foxes) and livestock grazing of 
rocky outcrops also need to be managed (Michael, 2010). Active restoration of rocky 
areas to the landscape can have beneficial effects on reptiles, with one study finding that 
the addition of rocks to Box-Gum Grassy Woodland successfully increased habitat for 
the threated Pink-tailed Worm-Lizard (Aprasia parapulchella) (McDougall et al., 2016). 
In summary, rocks are a key resource for reptiles, and the surrounding landscape and 
management of rocky areas influences reptile responses to rocks and rocky outcrops 
(Michael et al., 2008; Michael et al., 2011). 
 
Woody debris 
Many reptiles in woodland ecosystems are positively associated with woody 
debris (Brown et al., 2011; Manning et al., 2013; Michael et al., 2014b; Michael et al., 
2015). Management advice has long held the mantra “keep it messy” to encourage land 
managers to leave debris in situ and resist “cleaning up” the landscape (e.g. Rawlings et 
al., 2010). Michael et al. (2004) found that the most beneficial logs for reptiles were: old 
(in situ for >15 years), large, and partially decayed so that they contained many cavities. 
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Manning et al. (2013) found that addition of course woody debris that was clumped and 
at high volumes had a positive impact on reptiles in woodland reserves, but dispersed 
woody debris or no woody debris addition resulted in no change or a decrease in reptiles. 
In summary, in situ coarse woody debris is an important resource for reptiles in 
woodland landscapes and the addition of coarse woody debris can be an effective 
restoration tool but there is an influence of time, size, positioning and quantity of the 
woody debris.  
 
Structural complexity 
The above mentioned habitat factors all contribute to the structural complexity of 
a site with many species of reptiles benefiting from structural complexity and 
heterogeneity (Hadden and Westbrooke, 1996; Fischer et al., 2004; Brown et al., 2011; 
Michael et al., 2017). While the majority of species prefer high levels of structural 
complexity, two studies have found that a few species prefer areas with low structural 
complexity (Ctenotus robustus and Delma inornata (Fischer et al., 2004) and Menetia 
greyii (Michael et al., 2017)). In summary, reptiles will generally benefit from 
management actions that increase structural complexity. In addition, management should 
maintain or create heterogeneity in the structural complexity in the landscape. 
 
Land management factors 
Agricultural land use 
Much of what was once temperate woodland in south-eastern Australia is now 
paddocks used for grazing or cropping. The attributes of these paddocks have a strong 
influence on native reptile populations and reptiles can use these paddocks as habitat if 
suitable microhabitat is available (Brown et al., 2011). Pulsford et al. (2017a) found that 
fence lines and plantings within paddocks had higher rare reptile abundance and rare 
species richness than open paddocks. Management actions could include improving the 
condition of the pasture and addition of structure such as coarse woody debris, plantings, 
and fences to paddocks (Michael et al., 2014b; Pulsford et al., 2017a).  
 
Grazing 
High grazing intensity by both livestock and native herbivores can have a negative 
influence on reptiles in woodland landscapes (Michael et al., 2008; Michael et al., 2010; 
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Manning et al., 2013; Howland et al., 2014). Ungrazed sites often have higher reptile 
abundance and richness than grazed sites (Hadden and Westbrooke, 1996; Brown et al., 
2008). However, one study found higher reptile abundances with higher stocking rates of 
livestock (Brown et al., 2011; Dorrough et al., 2012).  
The influence of different grazing regimes on reptiles is not entirely clear. Two 
studies found no difference in reptile assemblages between rotationally and continuously 
grazed properties (Dorrough et al., 2012; Pulsford et al., 2017a). Another study found 
that past grazing practices affected the community composition of reptiles, but not reptile 
species richness (Kay et al., 2016c). Kay et al. (2016c) found that current grazing 
frequency influenced individual reptile species. Isolating the influence of grazing regimes 
on reptiles is challenging because farmers use a broad array of grazing practices, and other 
management and environmental factors can interact or dampen specific responses to 
grazing regimes.  
In summary, current grazing and past grazing can influence reptile communities, 
but there is no one size fits all response to grazing practices. Management of grazing 
should consider past grazing practices at a site and avoid long periods of intensive grazing 
in sensitive areas such as rocky outcrops, plantings and remnant vegetation (Michael, 
2010; Kay et al., 2016c).  
 
Fragmentation and connectivity  
Fragmentation and habitat loss are major threats in agricultural woodland 
landscapes. The vast majority of these ecosystems have been cleared and vegetation 
remains only as small and often degraded remnants (Lindenmayer et al., 2016). This has 
likely resulted in a depauperate reptile assemblage with many populations now disjunct 
and isolated (Brown, 2001; Brown et al., 2008; Michael et al., 2016). In addition, new 
plantings do not always provide the same benefits as mature remnants as they often lack 
structural complexity, are denser than natural stands, and lack important resources such 
as hollows, cavities, woody debris and fissured bark (Cunningham et al., 2007). However, 
plantings do appear to have a positive impact on some parts of the reptile assemblage 
(Cunningham et al., 2007; Pulsford et al., 2017a). Plantings can be augmented with the 
addition of coarse woody debris, ground cover restoration, and positioned on cool aspects 
near rocky outcrops to prevent shading of outcrops. Additionally, Michael et al. (2008) 
found that sites in contiguous or variegated landscapes supported greater reptile diversity 
than relictual landscapes.  
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In summary, continued recruitment of native vegetation and especially trees in 
both paddocks and the wider landscape is crucial to enhancing connectivity and habitat 
attributes of the grazing landscape (Kay et al., 2016b; Pulsford et al., 2017a).  
 
Edge effects 
The boundaries or edges between two types of vegetation cover, such as between 
a patch of remnant woodland and a cleared agricultural paddock, can result in gradients 
of biotic and abiotic conditions at these edges (Resasco et al., 2016), which can, in turn, 
influence species distributions. Many studies in different ecosystems have examined edge 
effects by measuring changes in abundance or fitness in relation to edges (Ries et al., 
2004). For example, Bragg et al. (2005) observed some edge effects in reptiles across 
open forest and regenerating sand mined areas outside the region targeted in this study. 
No published studies to date have directly examined edge effects for reptiles in grazing 
woodland landscapes in south-eastern Australia. Edge effects on reptiles were examined 
as part of the work described in Pulsford et al. (2017a) but only weak relationships were 
found (Pulsford, unpublished data). 
 
Abiotic Factors 
Several factors that influence reptile distribution in woodland landscapes cannot 
be directly managed. For example, reptile species richness is higher at lower latitudes 
(Brown et al., 2011; Kay et al., 2016a). One study found higher overall skink presence at 
lower elevations (Brown et al., 2008) but the broader influence of elevation appears to 
differ between regions (Brown et al., 2008; Kay et al., 2016a). Rainfall and temperature 
of an area also affects reptile richness and can even influence the characteristics of local 
populations. For example, Michael et al. (2014a) found that Morethia boulengeri 
individuals had greater SVL (snout vent length) in areas with higher rainfall and lower 
temperatures, which is notable as SVL has implications for the fecundity of females. 
While these factors cannot be directly managed, it is important to be aware of their impact 
and to conserve areas that contain a range of these variables. For example, Michael et al. 
(2017) suggested that in mountainous agricultural landscapes, the complete gradient of 
aspects and elevations should be conserved to capture a range of conditions suitable for 
different reptiles species. 
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Intrinsic Factors 
Movement 
An individual reptile’s ability to move through the landscape is likely influenced 
by the height and structure of the ground layer of vegetation. For example, Kay et al. 
(2016b) found that Christinus marmoratus individuals moved directly towards a target 
tree in short pastures but not in long pastures or crops. C. marmoratus individuals often 
moved along crop lines, especially in wheat crops compared to canola, as wheat has more 
defined crop lines (Kay et al., 2016b). Pulsford (chapter 5) found that reptiles in a grazing 
landscape were more likely to move within or out of grazed paddocks than remnants of 
woodland. These results suggested that while the paddocks provide habitat for reptiles, 
the woodland remnants are better quality habitat (Pulsford, chapter 5). However, there is 
only limited knowledge on movement of reptiles that inhabit agricultural woodland 
landscapes and only a small subset of these species has been examined in any detail. Most 
studies involve common species that inhabit woodlands as well as other habitat types (e.g. 
Zuri and Bull, 2000; Bragg et al., 2005; Hitchen et al., 2011).  
Little is known about the home ranges of these reptiles. The few studies to date 
show that home range size varies among species and between populations of the same 
species (e.g. Satrawaha and Bull, 1981; Zuri and Bull, 2000; Bragg et al., 2005; Stevens 
et al., 2010). The limited knowledge gathered primarily on small and medium sized 
skinks so far indicates that they often move short distances (tens of metres for capture 
events a few days apart) (Bragg et al., 2005), with rare movements of over a kilometre 
(between capture events a month or more apart) (Pulsford, chapter 5). 
 
Interspecific interactions 
Interspecific interactions, such as predation, play an import role in how an animal 
responds to its environment and can influence movement behaviour (Matthysen, 2012). 
There has been very limited research on interspecific interactions involving reptiles in 
agricultural woodland landscapes. However, Bourke et al. (2017) found that the presence 
of a predators odour and the type of shelter influenced the choice of overnight shelter by 
Morethia boulengeri individuals (See Table S2, supporting paper a).  
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6.5 Synthesis  
The reptile assemblage in woodland agricultural landscapes is largely comprised 
of small to medium-sized ground-dwelling skinks, but it also contains a diverse range of 
species from tree-dwelling geckos to fossorial snakes, agamids, blind snakes and legless 
lizards (Michael et al., 2015). While reptiles have a diverse range of habitat requirements, 
the key factors discussed earlier in this paper affect the distribution and abundance of the 
majority of the assemblage, and therefore can be managed to enhance the conservation of 
the reptile assemblage. The reptile species assemblage of temperature woodlands in 
south-eastern Australia appears to be depauperate as suggested by multiple studies across 
the region due to historical land use change, habitat loss and fragmentation (Brown, 2001; 
Brown et al., 2008; Michael et al., 2016). Therefore, while improving habitat attributes 
in these landscapes will benefit reptile species still present, relocations may be required 
to repopulate these fragmented landscapes with species that are locally or regionally 
extinct (Watson and Watson, 2015).  
 
We have presented a conceptual diagram summarising key results of previous 
research and highlight the key factors that influence reptile distribution, abundance and 
richness in agricultural woodland landscapes (Fig. 2). The connecting lines in our 
conceptual diagram indicate the number of studies that have found positive, negative and 
other associations between reptiles and a given factor. Factors with no lines or low 
numbers of studies indicate research gaps. From this synthesis, we can see that we have 
the strong understanding of the positive influences of trees, old growth vegetation, rock, 
native ground cover and woody debris on reptile abundance and richness. Factors were 
there is still ambiguity or species-specific responses included abiotic factors such as 
elevation, aspect and latitude. While grazing is generally found to have a negative impact 
on reptiles, this is not always the case, and there is little clarity on what are the most 
beneficial grazing regimes for reptiles (Fig. 2). Factors that appear to be largely negative 
for reptiles include fragmentation, fertiliser use, and very dense vegetation cover, 
particularly in the understory and canopy layers.  
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Figure 2. Conceptual diagram of the key factors influencing reptile distribution, abundance and richness in 
agricultural woodland landscapes. Habitat factors are green, land management factors are red, abiotic 
factors are purple, and intrinsic factors are blue. Numbers on the connecting lines indicate the number of 
studies that have found an association between reptiles and that factor. Numbers preceded by + indicate the 
number of papers that have found a positive association, numbers preceded by - indicate the number of 
papers that have found negative associations and numbers that have no sign indicate the number of papers 
where an association was found but it cannot be classified as positive or negative. 
 
Our conceptual diagram highlights some key areas needing further research as the 
links between the factors and their influence on the whole reptile assemblage remain 
unclear. For example, future research needs to discover more about how reptiles move in 
the environment and how management actions influence movement. Additionally, 
research on edge effects, soil and climate effects, foraging and breeding resources and 
interspecific interactions is very limited.  
 
Management recommendations  
While there are many aspects of woodland landscapes that are known to be 
important for most reptiles, some studies have noted species-specific responses to habitat 
and management factors (Fischer et al., 2004), which increases the challenge of 
generalising across species. Additionally, sometimes even different life stages of the same 
species will have different habitat requirements (e.g. Fischer et al., 2003). Additionally, 
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species habitat associations are not always consistent across different environments 
(Michael et al., 2010). Therefore, while many management recommendations and species 
responses are expected to be relevant across regions and species, care must be taken to 
account for local conditions and specialist species. We provide in Table 1 a summary of 
the key management implications from the literature and synthesis above. 
 
Table 1. Summary of the key management implications and recommendations for conserving reptiles in 
agricultural woodland landscapes 
Factor Management Recommendations 
Vegetation 
 
• Maintain remnants and old-growth woodland of all shapes 
and sizes 
• Regenerate trees though active and passive means 
• Improve the condition of native ground cover and allow 
leaf litter to remain 
• Maintain heterogeneous ground cover including patches of 
open cryptogam cover ground to provide basking and 
sheltering sites. 
• Increase ground cover and tree cover to reduce the negative 
impacts of fragmentation in the landscape.  
 
Woody debris • Woody debris should be left in situ where possible  
• Add woody debris to provide restoration benefits. The 
highest benefit comes from clumped, old, large, eucalyptus 
logs that are partially decayed  
 
Rock and rocky 
outcrops 
• Leave surface rock and rocky outcrops intact and in situ 
• Manage vegetation around rocky outcrops to reduce weed 
cover. Limit shading by positioning new plantings in 
southerly aspects where possible, and provide historical 
structure and composition of vegetation and coarse woody 
debris 
 
Soil • Avoid fertiliser use and particularly phosphorus addition to 
limit the prevalence of exotic weeds 
 
Livestock grazing • Avoid high intensity grazing as it has a negative effect on 
reptiles, especially in sensitive and key habitats such as rocky 
outcrops 
 
Agricultural land use • Manage grazed paddocks so they provide habitat for 
reptiles. The addition of structures such as coarse woody 
debris, plantings and fences can improve the habitat 
suitability of paddocks 
 
Reptiles in woodland landscapes are often influenced by a range of variables at 
multiple spatial scales (e.g. Fischer et al., 2003; Brown, 2010; Brown et al., 2011; 
Michael et al., 2017; Pulsford et al., 2017a). Pulsford et al., (2017b) found that most 
reptiles in a grazed woodland landscape responded to gradients of variables in the 
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landscape at different scales such as suggested by the Continuum model (Fischer and 
Lindenmayer, 2006) and not to discrete land cover types as suggested by the concepts of 
Island Biogeography theory (MacArthur and Wilson, 1967). This means that multiple 
scales of influence and the entire landscape as a whole must be considered in management 
actions (Fischer et al., 2004; Pulsford et al., 2017a). 
In conclusion, reptiles in woodland agricultural landscapes are largely influenced 
by vegetation attributes, rocks, and woody debris. Management actions and habitat factors 
at the whole of landscape scale through to the ground cover scale can influence reptiles. 
Therefore, multiple scales must be considered in management actions. To improve the 
conservation outcomes of reptiles in largely cleared and degraded agricultural landscapes, 
management actions should focus on retaining remnant vegetation, restoring vegetation 
attributes such as native ground cover and tree cover, preserve rocky outcrops and surface 
rock, and leave woody debris in place. 
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6.8 Table S1. Key factors for reptile conservation  
Table S1. Factors influencing reptiles in woodland agricultural landscapes and evidence for and 
against effects of these factors.  
Factor Effect Evidence for Evidence against 
or caveats 
Habitat factors 
Old growth 
and remnant 
vegetation 
Old growth/remnant 
vegetation is 
important for reptiles  
Cunningham et al., 
2007; Brown, 2010; 
Michael et al., 2015; 
Michael et al., 2017; 
Pulsford et al., 2017a 
Similar reptiles 
abundance 
regardless of 
vegetation type 
(Jellinek et al., 
2004) 
Size of remnant 
patches influences 
reptile abundance 
and richness 
Brown et al., 2008 (Hadden and 
Westbrooke, 1996; 
Pulsford et al., 
2017a) 
 
Trees Increased tree cover 
has a positive effect 
on reptiles 
Fischer et al., 2003; 
Fischer et al., 2004; 
Brown et al., 2008; 
Michael et al., 2010; 
Brown et al., 2011; 
Dorrough et al., 2012; 
Michael et al., 2017; 
Pulsford et al., 2017a 
Overly dense 
canopies or stems 
can have a negative 
impact on some 
reptiles (Michael et 
al., 2008; Kay et 
al., 2016a)  
 
Ground cover Positive effect on 
reptiles of:  
Higher native ground 
cover richness 
 
Taller grass height 
 
Ground cover and 
shrub coverage 
 
Higher leaf litter 
cover 
 
Leaf litter depth 
 
Shrub richness or 
presence 
 
 
(Brown et al., 2011; 
Kay et al., 2016a 
 
Michael et al., 2008 
 
Brown, 2001 
 
 
Jellinek et al., 2014; 
Pulsford et al., 2017a 
 
Brown, 2001 
 
Hadden and 
Westbrooke, 1996; 
Fischer et al., 2003 
 
Negative influence 
of exotic species  
Michael et al., 2008; 
Michael et al., 2010 
But C. 
tetradactyla, E. 
striolata and C. 
robustus were 
positively 
associated with 
high exotic forb 
richness in rocky 
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landscapes 
(Michael et al., 
2010) 
Bare ground Higher reptile richness 
(Michael et al., 
2014b)  
Negatively affected 
reptile counts 
(Jellinek et al., 
2014) and 
Morethia 
boulengeri 
(Jellinek et al., 
2014; Michael et 
al., 2014b) 
Soil Negative effect of 
fertiliser use on 
reptiles due to 
influence on ground 
cover composition 
and structure  
Brown et al., 2011; 
Dorrough et al., 2012 
 
Very limited research on links between soil attributes and reptiles 
 
Rock Many reptile species 
are positively 
associated with or 
specialists of rocky 
outcrops and surface 
rock 
Michael, 2010; 
Jellinek et al., 2014; 
Michael et al., 2015; 
Kay et al., 2016a 
Negative 
associations with 
rock - Carlia 
tetradactyla 
(Fischer et al., 
2004) and ground-
dwelling species 
(Michael et al., 
2011) 
Rocky outcrops 
provide microhabitat 
and crevices similar 
to old growth and 
allow specialist 
reptiles to persist in 
cleared landscapes 
Michael, 2010; 
Michael et al., 2011 
Landscape and 
vegetation 
surrounding rocky 
outcrops influences 
reptile assemblage 
Michael et al., 2008; 
Michael et al., 2011 
Woody debris Many reptile species 
are positively 
associated with 
woody debris 
presence 
 
Brown et al., 2011; 
Manning et al., 2013; 
Michael et al., 2014b; 
Michael et al., 2015; 
Kay et al., 2016a 
 
Old, long, wider and 
partially decayed 
eucalypt timber has 
biggest benefit for 
reptiles 
Michael et al., 2004 Length of time in 
situ is important as 
minimal effect seen 
from 3 months to 
15 months post 
installation 
(Pulsford et al., 
2017a) 
Clumped woody 
debris and of larger 
quantities provide 
Manning et al., 2013. 
Also, C. pannosus was 
positively affected by 
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best benefit for 
reptiles 
the amount of woody 
debris (Michael et al., 
2014b) 
Structural 
complexity 
Structural 
complexity, 
including vegetation, 
woody debris and 
rock is beneficial to 
reptiles 
Hadden and 
Westbrooke, 1996; 
Fischer et al., 2004; 
Brown et al., 2011; 
Michael et al., 2017) 
Some species 
appear to prefer 
more simple 
structure: Ctenotus 
robustus and 
Delma inornata 
Fischer et al. 
(2004) and Menetia 
greyii (Michael et 
al., 2017) 
Land management factors 
Grazing High intensity 
grazing by livestock 
and or native 
herbivores has a 
negative effect on 
reptiles 
Michael et al., 2008; 
Michael et al., 2010; 
Manning et al., 2013; 
Howland et al., 2014 
One study found 
higher abundances 
of reptiles with 
higher stocking 
rates (Brown et al., 
2011; Dorrough et 
al., 2012)  Ungrazed sites have 
higher reptile 
abundance and 
richness than grazed 
sites 
Hadden and 
Westbrooke, 1996; 
Brown et al., 2008 
and for C. tetradactyla 
(Michael et al., 2010) 
Grazing practices 
influence reptiles 
Grazing frequency 
influenced individual 
reptiles species and 
past grazing practices 
influenced community 
composition (Kay et 
al., 2016c) 
Continuous vs 
rotational grazing 
regimes had 
minimal influence 
on reptiles 
(Dorrough et al., 
2012; Pulsford et 
al., 2017a) 
Agricultural 
land use 
The agricultural land 
use influences reptile 
assemblages 
Pulsford et al., 2017a  
Reptiles can use 
paddocks as habitat 
and addition of 
structure can be 
beneficial 
Brown et al., 2011; 
Michael et al., 2014b; 
Pulsford et al., 2017a; 
Pulsford et al.,: 
Chapter 5 
 
 
Reptiles respond to 
gradients of 
environmental 
variables rather than 
to discrete land cover 
types 
Pulsford et al., 2017b  
Fragmentation Contiguous or 
variegated 
landscapes have 
greater reptile 
Michael et al., 2008  
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diversity than 
relictual landscapes 
Connectivity Establishing 
plantings, 
particularly those 
augmented with 
coarse woody debris 
and ground cover 
restoration can be 
beneficial 
Cunningham et al., 
2007; Pulsford et al., 
2017a 
 
Edge effects Edge effects have not been demonstrated in woodland grazing 
systems. More research is required 
Abiotic Factors 
Latitude Lower latitudes have 
higher reptile 
richness  
Brown et al., 2011; 
Kay et al., 2016a 
 
Elevation Lower elevations 
have higher reptile 
attributes 
Overall skink 
presence (Brown et 
al., 2008) and, Carlia 
tetradactyla, 
Cryptoblepharus 
pannosus (SWS) and 
Ctenotus robustus 
(Nanangroe only) 
occupancy (Michael et 
al., 2017) 
Influence varies by 
region (Brown et 
al., 2008; Kay et 
al., 2016a; Michael 
et al., 2017) and 
Egernia striolata 
and Ctenotus 
robustus (SWS 
only) had a higher 
occupancy in 
higher sites 
(Michael et al., 
2017) 
Aspect Northerly aspects Greater abundance of 
M. boulengeri in 
(Fischer et al., 2004), 
greater occupancy of 
C. taeniolatus and 
Ctenotus robustus 
(Michael et al., 2017) 
Small negative 
effect of northerly 
aspects (Kay et al., 
2016a) and C. 
tetradactyla 
occupancy was 
higher in south 
facing old growth 
woodland (Michael 
et al., 2017) 
Temperature Higher SVL of 
Morethia boulengeri 
with lower 
temperature 
Michael et al., 2014a  
Rainfall Higher SVL of 
Morethia boulengeri 
with higher rainfall 
Michael et al., 2014a  
Intrinsic factors 
Movement An arboreal gecko, 
Christinus 
marmoratus has a 
perceptual range in 
pasture between 40 
Kay et al., 2016b  
202 
and 80 metres and 
can navigate through 
short pasture than 
long pasture or crops 
Reptiles can move 
through and use 
grazed paddock as 
habitat 
 
Pulsford et al., 
Chapter 5 
 
Interspecific 
interactions 
Predator avoidance 
can mediate 
Morethia boulengeri 
individual’s choice 
of overnight shelter 
Bourke et al., 2017  
M. boulengeri 
associated with areas 
with many ants 
(prey) 
Fischer et al., 2004  
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6.9 Table S2. Summaries of papers  
Table S2. Summaries of papers discussing reptiles in agricultural woodland landscapes in south east Australia  
Paper Title Location Site types Key findings Key messages 
1. Brown, 2001 The influence of 
habitat disturbance on 
reptiles in a Box-
Ironbark eucalypt 
forest of south-eastern 
Australia  
Locality of 
Rushworth 
State Forest, 
Victoria 
Box ironbark 
eucalypt forest 
- disturbed and 
undisturbed 
ground layer 
(all other 
layers same) 
• 126 individuals: 6 species of 
reptiles, from 3 families. C. 
marmoratus (11), A. muricatus 
(3), L guichenoti (36), L. 
bougainvillii (40), M. boulengeri 
(12), T. scincoides (1), (plus 4 
incidental rare sightings. 
• 2.4 times more reptiles on 
undisturbed vs disturbed sites 
o mean: undisturbed = 16.4 
individuals/ha, disturbed = 6.7 
individuals/ha 
• Greater species richness on 
undisturbed sites 
• Correlations of reptiles and 
over storey were weak. 
Significant correlations with 
ground layer - % grass cover, 
shrub cover, litter depth, and 
shrub richness 
• Overall there was a scarcity of 
reptiles, particularly in sites with 
disturbed ground cover 
• Grazing, mining and timber 
harvesting have altered structure 
and composition of habitat 
including ground layer 
• Need to manage landscape to 
enhance the ground layer better 
and increase structural 
heterogeneity 
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2. Brown et al., 
2008 
Regional faunal 
decline–reptile 
occurrence in 
fragmented rural 
landscapes of south-
eastern Australia  
Victorian 
Riverina, Vic  
Woodland 
remnants 
dominated by 
grey box, 
black box river 
red gum in 
grazed 
agricultural 
landscape 
• Mostly found a few common 
species (M boulengeri and L 
guichenoti) - habitat generalists 
• Higher species richness with 
large patches of remnants and at 
lower elevations with increased 
wooded cover within 2kms 
• M. boulengeri strongly 
associated with lower elevations, 
• Skinks were associated with 
lower elevation and ungrazed sites  
• Overall abundance was highest 
in sites at lower elevation in the 
drier NW 
• The reptile assemblage was 
dominated by a few common 
species that were habitat 
generalists. It appears that there 
has been a region wide decline in 
reptiles due to habitat loss and 
fragmentation 
• The remaining reptiles in the 
region now occur in disjunct 
populations and are at risk from 
future land use change 
3. Brown, 2010 Tipping the scales: 
thoughts on 
improving 
management for 
woodland reptiles. 
Temperate woodland 
conservation and 
management  
Opinion of temperate woodland 
reptile management 
• Reptiles appear to be in low numbers in this region compared to 
other biogeographic regions = general decline in reptiles in grazed 
woodlands 
• Reptiles in south east Australia grazing country positively 
correlated with: “ground layer native plant richness, coarse woody 
debris cover, stocking rate (likely due to majority left being skinks) 
and rotational grazing. Negatively correlated with available 
phosphorus 
• Reptiles influenced by range of variables at multiple scales 
• Important variables include tree cover, ground cover, and remnant 
vegetation 
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4. Brown et al., 
2011 
Landscape and local 
influences on patterns 
of reptile occurrence 
in grazed temperate 
woodlands of 
southern Australia  
Inland slopes, 
southern NSW 
and northern 
Victoria 
Uncultivated 
pasture (last 
30 years) in 
southern 
temperature 
grassy 
woodlands 
• Ground layer native plant 
richness, number of large trees 
and log cover and latitude 
explained overall reptile 
abundance 
• Reptile abundance decreased 
with increasing available soil 
Phosphorus 
• Reptile abundance was 
positively correlated with stocking 
rate & rotationally grazed 
pastures, but grazing management 
described least variation and local 
habitat described most 
• Two scales of influence were 
observed (bioregional and local) 
• The matrix was used by some 
species when suitable 
microhabitat was available in the 
matrix 
• The continued presence of 
woodland and structural 
complexity is critical to the 
persistence of reptiles in these 
fragmented agricultural 
landscapes 
5. Cunningham 
et al., 2007 
Reptile and arboreal 
marsupial response to 
replanted vegetation 
in agricultural 
landscapes  
South West 
slopes, NSW 
Temperature 
woodlands 
including Box 
gum grassy 
woodland 
agricultural 
landscapes  
• Animals responded differently 
to the different vegetation types - 
Old-growth woodland, coppice 
regrowth, seedling regrowth and 
planted 
• There were fewer reptiles on 
farm that contained plantings –the 
plantings were often in poor 
quality and degraded areas 
•  
• Plantings are not 
interchangeable with old-growth 
remnant in woodland agricultural 
landscapes and do not offset 
clearing. 
• However, plantings better than 
nothing 
• It will take decades to 
centuries to restore suitable 
habitat for some species in these 
degraded, cleared and 
fragmented landscapes.  
206 
 
6. Dorrough et 
al., 2012 
Differential responses 
of plants, reptiles and 
birds to grazing 
management, 
fertilizer and tree 
clearing  
Inland slopes of 
south east 
Australia, 
Victoria and 
NSW 
Native 
pastures with 
both cleared 
and grassy 
woodland 
trees under 
rotational and 
continuous 
grazing 
regimes 
• No significant influence of 
rotational grazing vs continuous 
grazing on reptile abundance (but 
slightly greater abundance in 
rotational) 
• Higher of abundance of reptiles 
with higher stocking rates 
• There were more reptiles in 
treed paddocks compared to non-
treed 
• There was a negative response 
of reptiles to fertiliser use 
• The influence of past 
management is likely to have 
filtered the species pool so that 
mostly grazing tolerant species 
remain 
• Increasing tree cover in these 
landscapes is likely to have a 
positive impact on reptiles 
7. Fischer et al., 
2003 
Habitat models for the 
four-fingered skink 
(Carlia tetradactyla) 
at the microhabitat 
and landscape scale  
Nanangroe, 
NSW 
Box gum 
grassy 
woodland 
grazing 
landscape (and 
red stringy 
bark) 
• C. tetradactyla individuals were 
most likely to be found in 
landscapes with high tree cover 
• Juveniles found most in 
microhabitats with moderate weed 
invasion and shrubs present 
• Adults were found most in 
microhabitats that were box or 
gum dominant, had moderate 
canopy cover and high numbers of 
spiders 
• Juveniles and adults of C. 
tetradactyla required slightly diff 
habitat features 
• Variables at multiple spatial 
scales were important 
8. Fischer et al., 
2004 
The challenge of 
managing multiple 
species at multiple 
scales: reptiles in an 
Australian grazing 
landscape  
Near Jugiong in 
southern NSW 
Ridge, valley 
and slope sites 
-Box gum 
grassy 
woodland and 
other 
eucalyptus 
• Species-specific responses and 
some responded to habitat only at 
some spatial scales  
o C. tetradactyla – associated 
with box woodlands, areas with 
few rocks and many spiders 
• Need to consider entire 
landscape in management actions 
as different variables vary over 
different scales and reptiles 
respond at a variety of scales. 
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species in 
grazed 
landscape 
o M. boulengeri – associated with 
areas with many ants and beetles, 
northerly aspects and high tree 
cover 
o C. robustus and Delma inornata 
–occurred in areas with a simple 
microhabitat structure 
• Highest species richness in box 
woodlands and with high 
variability in structure 
9. Hadden and 
Westbrooke, 
1996 
Habitat relationships 
of the herpetofauna of 
remnant buloke 
woodlands of the 
Wimmera Plains 
Wimmera 
plains, Victoria 
Remnant of 
buloke 
woodlands, 
half with 
grazing 
history  
• Reptile species richness 
correlated with shrub richness but 
not remnant area or width. 
• Herpetofauna species richness 
significantly lower in grazed 
remnants vs ungrazed. 
Additionally, shrub characteristics 
and ground cover characteristics 
most important variables 
• It is likely that herpetofauna 
are more affected by changes to 
habitat than fragmentation per se 
(no area effect but shrubs and 
grazing history are important). 
• Shrubs provide habitat and 
were indicators of less disturbed 
sites 
10. Jellinek et 
al., 2014 
Reptiles in restored 
agricultural 
landscapes: the value 
of linear strips, 
patches and habitat 
condition  
Benalla and 
Wimmera 
regions, 
Victoria 
Linear strips 
and remnant 
patches in 
Wimmera –
Buloke, black 
box and 
grasslands. 
Benalla – box-
ironbark and 
box gum 
woodlands 
• Revegetation, remnants and 
cleared habitats had similar reptile 
abundance and richness 
• Linear strips and patches had 
similar reptile abundance and 
richness 
• Ground layer attributes were 
important factors for reptile 
richness and abundance 
• Ground layer attributes were 
more important than shape and 
type of vegetation (remnant, 
revegetation or cleared). 
• Management actions should 
include the ground layer in future 
vegetation actions and protecting 
remnant linear strips may benefit 
rarer reptiles.  
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• most abundant species were: M. 
boulengeri, M. greyii, C. 
tetradactyla and C. robustus 
• Rarer reptile abundance and 
richness increased in remnant 
linear strips as distance from 
adjacent remnant patch increased 
11. Kay et al., 
2016a 
Incorporating 
regional-scale 
ecological knowledge 
to improve the 
effectiveness of large-
scale conservation 
programmes  
Southern Slopes 
of NSW to 
southern 
Queensland 
Grazing 
properties 
with remnant 
Box Gum 
grassy 
woodland. 
Part of the 
Environmental 
Stewardship 
programme 
• Species richness declined with 
increasing latitude 
• Species richness had a positive 
effect of: growth index (climate), 
logs, native ground cover 
richness, and rock cover. It had a 
small negative effect of: elevation, 
native overstorey cover, northerly 
aspect 
• Rare species richness had a 
positive effect of: rock cover, and 
to a lesser extent, native 
overstorey cover 
• Reptile abundance had a 
positive effect of rock cover and 
interactions between region and 
elevation, northerly aspect and 
native groundcover richness 
• Reptile responses varied by 
region, therefore need to take 
regional information info account 
for conservation schemes. 
• Elevation, aspect and native 
ground cover richness were 
important variables for 
abundance and rare species 
richness 
• Some important variables 
found by study cannot be 
influenced by management (e.g. 
aspect, elevation, growth index) 
12. Kay et al., 
2016b 
Pasture height and 
crop direction 
influence reptile 
movement in an 
agricultural matrix  
Boorowa 
locality, NSW 
Grazing and 
cropping 
properties in 
Box gum 
grassy 
• Individuals of C. marmoratus 
placed at 40m moved towards the 
target tree but individuals at 80m 
and 120m did not - therefore 
• C. marmoratus has a 
perceptual range of at least 40m 
in short pasture. Long pasture 
and other taller ground cover 
reduces this perceptual range. 
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woodland 
landscape 
perceptual range is at least 40m 
and less than 80m 
• Individuals moved directly 
towards target tree in short native 
and short exotic pasture but not in 
long pastures or crops 
• Individuals in crops moved 
along the planted crop lines and 
more so in wheat than canola 
Cropping direction influence 
movements of this species. 
• Management implication 
include reducing distances 
between trees in the landscape, 
planting crops to orientate 
between habitat, and perhaps 
managing corridors of shorter 
pasture height in long pasture. 
13. Kay et al., 
2016c 
Effects of past and 
present livestock 
grazing on 
herpetofauna in a 
landscape-scale 
experiment  
Central 
tablelands, 
NSW 
Grazing 
properties 
with remnants 
of Box Gum 
Grassy 
Woodlands 
• Past grazing had no influence 
on richness, but did effect 
community composition 
(common, rare, and all)  
• Past grazing influenced patch 
colonisation and extinction of 4/7 
common species  
o Which displayed varied 
responses but 3/4 had negative 
responses to continuous regimes 
• Present grazing did not affect 
species richness or community 
composition, but did influence 
individual species in variable 
ways (6/7) through grazing 
intensity, duration and/or 
frequency 
• Past grazing influenced 
reptiles and frogs 
• Restoration grazing programs 
should be implemented across 
the mosaic of past grazing 
regimes 
• No single regime was 
beneficial to all species, therefore 
different regimes should be used 
in different places 
• There is a need for accurate 
and historical grazing data to 
inform management 
14. Michael et 
al., 2004 
Enhancing fauna 
habitat in grazed 
native grasslands and 
woodlands: use of 
Terrick Terrick 
National Park 
(Riverina), 
Victoria 
Grassland 
with small 
patches of 
remnant 
• Reptiles (and M. boulengeri, S. 
suta and D. tessellatus in 
particular) displayed a preference 
• Timber addition can be an 
effective restoration tool and 
survey technique 
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artificially placed log 
refuges by fauna.  
 
woodland 
(open and 
riparian) with 
added timber 
(old (15 years) 
and new) 
for older logs compared to new 
ones 
• Preferred characteristics of logs 
were: large, wide, eucalyptus and 
partially decayed with lots of 
cavities and holes  
• It can take time for the timber 
to become beneficial for reptiles 
• Large, wide and partially 
decaying eucalyptus logs provide 
greatest habitat features. 
15. Michael et 
al., 2008 
A forgotten habitat? 
Granite inselbergs 
conserve reptile 
diversity in 
fragmented 
agricultural 
landscapes 
South West 
Slopes, NSW 
Granite 
inselbergs in 
grazing mostly 
woodland 
landscapes 
• Outcrop and remnant vegetation 
area related to spices richness and 
diversity but not abundance but 
these were confounded by 
landform. 
• Best variables were: abundance 
– greater outcrop structural 
complexity, and lower stem 
density and exotic grass cover; 
species richness - no grazing, 
larger outcrop patches and old-
growth remnants; Diversity – 
lower exotic grass cover, stem 
density, vegetation structure and 
grazing intensity and higher rock 
and grass cover 
• Contiguous or variegated 
landscapes had greater diversity 
than relictual - therefore need to 
manage both the outcrop and the 
surrounding landscape 
• Patch scale management 
should focus on managing 
grazing regimes, weeds and 
density of woody regrowth  
16. Michael et 
al., 2010 
Microhabitat 
relationships among 
five lizard species 
associated with 
granite outcrops in 
fragmented 
agricultural 
South West 
Slopes, NSW 
Granite 
outcrops in 
agricultural 
landscapes 
• There were five lizard species 
that accounted for majority (95%) 
if observations: Egernia striolata, 
Ctenotus robustus, 
Cryptoblepharus carnabyi (now 
pannosus), Morethia boulengeri 
and Carlia tetradactyla  
• Species habitat relationships 
may not be transferable between 
environments as other studies 
have found different associations 
for these species.  
• Rocky environments may 
require site-specific management 
211 
 
landscapes of south-
eastern Australia.  
• A range of variables was found 
to be associated with each species, 
some similar and some different 
from other studies. All species 
responded to variables associated 
with rocky environments. 
• Grazing intensity negatively 
influenced all 5 species except for 
E. striolata.  
or use of conceptual models that 
incorporate gradients  
17. Michael, 
2010 
Managing rock 
outcrops to improve 
biodiversity 
conservation in 
Australian 
agricultural 
landscapes  
Review of 
knowledge 
 • Rock outcrops provide different 
vegetation, microclimates, shelter 
and food resources from 
surrounding landscape  
• Some species occur more in 
outcrops and others persist in 
human modified landscape due to 
outcrops 
• Changes to shading due to 
dense vegetation regeneration, 
clearing, changes to fire regimes - 
influences thermoregulation. 
Manage fire regimes, exotic 
vegetation, density of regrowth, 
livestock access planting locations 
• Management of revegetation 
of outcrops: 1. density of planted 
vegetation (mimic woodland 
spacing) 2. plant species 
composition (as before and plant 
shrubs) 3. exclude livestock 
grazing 4. improve habitat 
structure (CWD), 5. locate dense 
plantings in southern and 
sheltered aspects (i.e. not shade 
basking areas). 
• Also manage pest animals 
(rabbits and foxes 
simultaneously) and manage 
greater landscape 
18. Michael et 
al., 2011 
Regrowth and 
revegetation in 
temperate Australia 
presents a 
conservation 
challenge for reptile 
Southern half of 
South West 
Slopes, NSW 
Agricultural 
landscapes 
with: Upper 
Riverina dry 
sclerophyll 
forest, western 
• Species richness was 
significantly different between 
vegetation types and vegetation 
growth forms 
• Rock presence is generally 
positive for species richness and 
can increase the similarity 
between regrowth and old-
growth as it provides crevices 
and microsites similar to old-
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fauna in agricultural 
landscapes  
slopes grassy 
woodland, 
floodplain 
transitional 
woodland 
• Life history attributes 
influenced species response to 
vegetation 
• There was greater species 
richness with rock presence in 
old-growth forest, old-growth 
woodland, and regrowth forest, 
but lower in woodland regrowth 
• Saxicolous species responded 
positively to granite outcrops, but 
ground dwelling species 
responded negatively 
growth features. It can reduce 
time frame for supporting mature 
communities 
• Suggest that management may 
need to trade-off between 
preserving dense regrowth and 
creating some open canopy due 
to perverse impacts of dense 
vegetation on heliothermic 
species. Should provide 
heterogeneity in cover and try to 
mimic historical vegetation 
communities of site 
19. Michael et 
al., 2012 
Comparative use of 
active searches and 
artificial refuges to 
survey reptiles in 
temperate eucalypt 
woodlands  
South West 
Slopes (plus 
Nanangroe 
Natural 
experiment) and 
Riverina, NSW 
Woodland, 
agricultural 
landscape 
• Different assemblages in the 
three different regions  
• 40% of observation were skinks 
and around half of these were 
either M. boulengeri or C. 
pannosus 
• Significantly more species 
detected using active searches 
than artificial substrates, but some 
species only found using one of 
the two methods 
• Active searching detected 
more species than artificial 
substrates. 
• Artificial substrates were 
effective for detecting some 
nocturnal and cryptozoic 
thigmotherms. Active searching 
was effective at detecting 
terrestrial and arboreal skinks 
and arboreal geckos 
20. Michael et 
al., 2014a 
Geographical 
Variation in Body 
Size and Sexual Size 
Dimorphism in an 
Australian Lizard, 
South West 
Slopes and 
Riverina, NSW 
Grazing 
properties 
with remnants 
of woodlands, 
TSRs and road 
verges 
• Size differences in snout vent 
length (SVL): gravid female>non-
gravid females>males  
• Higher in SVL with higher 
rainfall and lower temperatures 
• Appears that sexual size 
dimorphism was influenced by 
fecundity selection as fits the 
fecundity selection hypothesis.  
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Boulenger's Skink 
(Morethia boulengeri)  
• female SVL increased with 
density of mature trees and 
relationship between SVL and 
bare ground but these feel out 
when included climate variables 
21. Michael et 
al., 2014b 
How effective are 
agri-environment 
schemes for 
protecting and 
improving 
herpetofaunal 
diversity in Australian 
endangered woodland 
ecosystems?  
Murray 
catchment, 
NSW 
Grazing 
properties 
with remnants 
of woodlands 
(floodplain 
transitional, 
inland 
floodplain, 
riverine plain, 
riverine 
sandhill)  
• Richness of reptiles and frogs 
(herpetofauna) was positively 
related to native plant richness 
and bare ground cover 
• M. boulengeri was negatively 
affected by bare ground 
• C. pannosus was positively 
affected by the amount of woody 
debris 
•  
• Due to barrier effects, 
vegetation management in this 
system is likely to increase the 
abundance of common lizards 
rather than increase local species 
richness  
• Management should focus on 
increasing connectivity, enhance 
pasture condition and increase 
woody debris in the agricultural 
matrix 
22. Michael et 
al., 2015 
Ecological niche 
breadth and 
microhabitat guild 
structure in temperate 
Australian reptiles: 
Implications for 
natural resource 
management in 
endangered grassy 
woodland 
ecosystems.  
Slopes and 
Tablelands of 
Northern 
Victoria to 
southern 
Queensland 
Grazing 
properties 
with remnants 
of temperature 
woodlands, 
predominately 
Box Gum 
Grassy 
Woodlands  
• 30% of species were habitat 
specialist and associated with rock 
(outcrop or surface), large 
eucalypt trees, and woody debris 
• 80% of species belonged to 
guilds that were associate with 
old-growth or rocks 
• Management in these 
landscapes needs to focus on 
more than just grazing – need to 
focus on bush rock retention, 
rocky outcrops and woody debris 
23. Michael et 
al., 2016 
Influence of land 
sharing and land 
sparing strategies on 
North East and 
Goulburn 
broken 
Agricultural 
landscapes 
with BGGW 
• Vegetation differed by 
management of site: seedling 
shrubs, litter cover, native species 
• Both land sparing and sharing 
benefited some vertebrates but 
frogs and reptiles apparently 
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patterns of vegetation 
and terrestrial 
vertebrate richness 
and occurrence in 
Australian 
endangered eucalypt 
woodlands  
Catchment, 
Victoria 
and buloke 
woodland 
including agri-
environmental 
scheme (AES) 
richness was highest in 
conservation reserves; broad 
leaved weeds highest in 
production sites and native grass 
highest in AES 
• Reptile (and frog) abundance 
and richness did not differ 
significantly among management 
types 
• Conservation reserves and AES 
supported more birds of 
conservation concern 
benefited from neither (low 
richness due to past habitat loss 
and widespread declines). May 
need to use alternative methods 
to enhance reptile and frog 
conservation 
24. Michael et 
al., 2017 
Scale-dependent 
occupancy patterns in 
reptiles across 
topographically 
different landscapes.  
South West 
Slopes (plus 
Nanangroe 
Natural 
experiment) and 
Riverina, NSW  
Woodlands 
(various 
including box 
gum grassy 
woodlands) in 
agricultural 
and pine 
plantation 
landscapes 
• 5 species were ubiquitous and 
found across 2 or more areas: M. 
boulengeri, C. tetradactyla, C. 
pannosus, C. robustus and C. 
marmoratus 
• Local scale vegetation attributes 
were important for explaining site 
occurrence, sometimes 
topographic or vegetation cover 
surrounding improved model.  
• Topographic variables were 
important in steep and undulating 
landscapes 
• Local and landscape variable 
important in flat landscapes 
• Occupancy models for 
widespread species were fairly 
congruent across areas 
• Management for reptiles 
should focus on improving 
habitat complexity and ground 
cover condition at site scales 
• Management in mountainous 
agricultural landscapes should 
conserve the complete gradients 
of aspects and elevations.  
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25. Pulsford et 
al., 2017a 
Remnant vegetation, 
plantings, and fences 
are beneficial for 
reptiles in agricultural 
landscapes  
Central and 
Southern 
Tablelands of 
NSW 
Grazing farms 
with Box Gum 
Grassy 
Woodland 
remnants, 2 
grazing 
regimes and 4 
paddock types 
(pasture, 
fence, linear 
planting, and 
CWD 
addition) 
• Reptiles most influenced by 
vegetation variables. Total 
abundance, L. guichenoti, M. 
boulengeri increased with trees 
and leaf litter in immediate 
vicinity. Rare reptile abundance 
and richness increased with 
proportion of native tree cover 
within 3km. 
• Greater total captures in 
remnants and L. delicata occurred 
more in remnants. 
• Rare species abundance and 
richness, and C. tetradactyla 
abundance were higher in 
plantings and fences than CWD 
(Coase woody debris) addition 
and pasture. 
• No influence of current grazing 
regime or short term addition of 
CWD 
• Vegetation is most important 
factor influencing reptiles in this 
grazing landscape. Management 
recommendations include: 
o Increasing tree cover in the 
general landscape, 
o Protecting existing remnants of 
native vegetation regardless of 
size,  
o Promoting key habitat features 
of trees, leaf litter and shrubs on 
farms  
o Establishing and maintaining 
plantings and fences, particularly 
adjacent to other habitat such as 
remnants. 
26. Pulsford et 
al, under 
review: Chapter 
5 
Reptiles and frogs use 
most land cover types 
as habitat in a fine-
grained agricultural 
landscape 
Central and 
Southern 
Tablelands of 
NSW 
Grazing farms 
with Box Gum 
Grassy 
Woodland 
remnants and 
4 paddock 
types (pasture, 
fence, linear 
planting, and 
• Reptiles moved more within, 
and out of, paddocks than 
remnants 
• Frogs displayed contrasting 
movement behaviour to reptiles 
• There was no difference in 
reptile movement in the different 
paddock types 
• Land use influence the reptile 
movement in a grazing landscape 
• Some reptiles use all of the 
grazing landscapes as habitat but 
perceive different habitat quality 
among land use types. Reptile 
appear to find remnants of 
woodland to be higher quality 
habitat that paddocks 
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CWD 
addition) 
• Reptiles did not display strong 
directionality movement between 
recaptures. 
• Most reptiles were captured in 
the same trapping array as the 
previous capture, but some 
individuals moved over 1300m 
between captures (over a month or 
more).  
• Therefore, all parts of the 
grazing landscape should be 
considered in management 
decisions to conserve reptiles 
27. Pulsford et 
al., 2017b 
Reptiles and frogs 
conform to multiple 
conceptual landscape 
models in an 
agricultural 
landscape. 
 
Central and 
Southern 
Tablelands of 
NSW 
Grazing farms 
with Box Gum 
Grassy 
Woodland 
remnants, 2 
grazing 
regimes and 4 
paddock types 
(pasture, 
fence, linear 
planting, and 
CWD 
addition) 
• Most reptiles responded to 
gradients of environmental 
variables, particularly to 
vegetation gradients – this is in 
congruence with the Continuum 
model (Fischer and Lindenmayer, 
2006). 
• Reptile species responses were 
not congruent with concepts of 
Island Biogeography theory 
(MacArthur and Wilson, 
1967)and had conflicting 
congruence with the Patch 
Corridor Matrix model (Forman, 
1995).  
• Reptile responses displayed 
some congruence with the Matrix 
quality model (Perfecto and 
Vandermeer, 2010), Matrix 
tolerance model (Gascon et al., 
• Most of the conceptual models 
had some relevance to the 
reptiles in the grazing landscape, 
but no one model fitted all 
species responses.  
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1999) and the Habitat Amount 
hypothesis (Fahrig, 2013). 
Papers that provide supporting information but are not conducted in agricultural woodland landscapes 
a) Bourke et al., 
2017 
Can protective 
attributes of artificial 
refuges offset 
predation risk in 
lizards?  
Experimental 
animals sourced 
from South 
West Slopes and 
Riverina 
Lab 
experiment of 
M. boulengeri 
preference for 
overnight 
shelter given 
predator cues 
(Suta suta). 
• M. boulengeri individuals 
significantly preferred non-
scented control refuges to 
identical refuges with predator (S. 
suta) scent. Males displayed 
significant preference but females 
did not. 
• M. boulengeri individuals 
preferred timber sleepers to iron 
sheets and roof tiles.  
• M. boulengeri individuals 
showed no preference between 
predator-scented preferred refuges 
(timber) and less preferred 
unscented refuges (iron sheet).  
• Skinks preferred iron sheets 
compared to elevated timber, and 
no preference between flatted iron 
sheets and normal timber. 
• M boulengeri avoided predator 
scented refuges all thing being 
equal. 
• Choice of refuge was 
influenced by predation risk and 
predation risk can be mediated 
by refuge attributes – choice of 
artificial substrates must be 
considered as well as attributes – 
e.g. material, gap height, cavities 
etc. 
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b) Bragg et al., 
2005 
Distributions of lizard 
species across edges 
delimiting open-forest 
and sand-mined areas  
Tomago sand 
beds, central 
coast, NSW 
Open coastal 
forest next to 
mine path 
matrix 
• 10% recapture rate, recaptures 
were within 21m of original 
except 1 C. robustus which 
moved 50m 
• No significant difference 
between richness of remnant, 
matrix and ecotone 
• Some edge effects of different 
species. C robustus, A. muricatus 
and C. taeniolatus all preferred 
matrix while L guichenoti and L. 
delicata preferred remnant 
• There were some edge effects 
observed and canopy cover and 
temperature were associated with 
edge effects. 
c) Hitchen et 
al., 2011 
Habitat use by the 
Jacky lizard 
Amphibolurus 
muricatus in a highly 
degraded urban area  
Sydney, NSW Amphibolurus 
muricatus at a 
golf course 
with patches 
of banksia 
scrub 
• Amphibolurus muricatus individuals - mean daily distance travelled 
=54.8m=-3.74 
• Home ranges: males= 378.2-1831m2, f= 300.8-671.3m2. No 
significant difference between genders 
• Individuals spent more time in inner area of remnant than edge and 
not random movement in remnant but random in grass 
• Individuals moved further in scrub (34m) than love grass (28.5m) 
or lawn (19.6m). 
• More forays occurred in lawn (143) than grass (38) or scrub (67) 
d) Howland et 
al., 2014 
Eaten out of house 
and home: impacts of 
grazing on ground-
dwelling reptiles in 
Australian grasslands 
and grassy woodlands  
ACT, NSW and 
VIC, Australia 
Properties 
managed for 
conservation 
with grassland 
and grassy 
woodland 
• Changes in (native herbivore) 
grazing intensity significantly 
influenced abundance, richness, 
diversity and individual species. 
Abundance, richness and diversity 
were highest in low intensity 
grazing 
• Legless lizards (D. inornata and 
D. impar) were more likely to 
• Management should limit high 
intensity grazing and allow a 
mixture of low and moderate 
intensity grazing by native 
herbivores. 
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occur under moderate grazing 
intensity. Some species unaffected 
by grazing but none higher in high 
intensity grazing 
e) Manning et 
al., 2013 
 
Bringing forward the 
benefits of coarse 
woody debris in 
ecosystem recovery 
under different levels 
of grazing and 
vegetation density  
Mulligans Flat 
and 
Goorooyarroo 
Nature Reserves 
near Canberra 
Box gum 
grassy 
woodland with 
control, 20 
tonnes/ha 
CWD added in 
clumps, 20 t 
CWD added 
dispersed, 
40t/ha CWD 
added 
clumped and 
dispersed.  
• Mulligan Flat: 
o  CWD addition = increase in 
reptile & skink abundance over 
time 
o Control -decrease in reptiles 
and skinks, 20t clumped & 40t 
clumped and dispersed- increase, 
20t dispersed - no change in 
reptiles and slight decrease in 
small skinks.  
• Goorooyarroo 
o CWD addition = increase in 
skinks over time 
o Significant difference in skinks 
with vegetation density and 
interaction with kangaroo density 
o Similar response for skinks to 
CWD combination to in MF  
• Coarse woody debris addition 
generally had a positive influence 
on reptiles 
• Open areas with high kangaroo 
grazing benefited the most from 
the addition of CWD 
• High amounts of CWD and 
clumped arrangement was most 
beneficial. 
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f) McDougall 
et al., 2016 
Restoration rocks: 
integrating abiotic and 
biotic habitat 
restoration to 
conserve threatened 
species and reduce 
fire fuel load 
Molonglo 
Valley, 
Canberra, ACT 
Degraded 
native 
grassland with 
sites with six 
plots: 
reference 
(high quality), 
control, plants 
+ rocks, fire 
only, herbicide 
only and fire + 
herbicide 
• Rock restoration combined with 
herbicide application resulted in 
the most wide range of restoration 
outcomes 
• The restored habitat was 
colonised by threatened Aprasia 
parapulchella within a year of 
application of restoration actions 
• Active restoration of rocks can 
provide habitat for the threatened 
pink tailed worm lizard (Aprasia 
parapulchella) 
• Rock restoration and herbicide 
application combined resulted in 
reduced fire load, increased short 
term ant occurrence (food), and 
growth and survival of native 
grasses 
g) Stevens et 
al., 2010 
Home ranges of, and 
habitat use by, the 
grassland earless 
dragon 
(Tympanocryptis 
pinguicolla) in 
remnant native 
grasslands near 
Canberra  
Jerrabomberra 
Valley, ACT 
Grassland 
reserve 
• 7 lizards home range size from 
925-4768m2 
• Utilisation distribution areas 
(344-3384m2), core areas 44m-
289m2 = 2.03-7.74% of total use 
area 
• Lizards displayed site fidelity 
and burrow fidelity 
•  
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Chapter 7: Appendices 
 
These appendices represent examples of how the findings from the study were 
communicated to peers and potential end users (e.g. land holders). Appendix 1 lists 
communication of findings to date across a range of fora. Appendix 2 is a piece that was 
published in the Ecological Society of Australia’s bulletin about a part of the study 
which was abandoned due to lack of meaningful findings. Appendix 3 is a reptile and 
frog id booklet which I created as a resource during the fieldwork and I gave to land 
holders at the end of the project. 
 
Appendix 1: Additional communication material 
produce in conjunction with thesis 
 
Presentations and posters  
 
• Poster: Lizards and frogs like trees too. 6th Biodiversity Across the Borders 
conference, Ballarat – 2015 
• Presentation: Managing grazing landscapes for ground dwelling reptiles and 
frogs. Centre of Excellence for Environmental Decisions conference, Canberra – 
2015 
• Presentation: Managing grazing landscapes for ground dwelling herpetofauna. 
Ecological Society of Australia conference, Adelaide – 2015 
• Presentation: Managing the grazing matrix for reptiles and frogs in woodland 
landscapes. Society for Conservation Biology Oceania Conference, Brisbane – 
2016  
• Presentation: Reptile and frog responses to different farm management practices 
in grazing landscapes. Fenner seminar series – 2017 
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• Presentation: Farm management and biodiversity: Conserving reptiles and frogs 
in grazing landscapes. International Congress for Conservation Biology, 
Cartagena, Colombia – 2017 
• Twitter presentation: The influence of farm management on reptiles in grazed 
landscapes. Early Career Ecologist Twitter symposium, #ECEcol17 – 2017 
 
Published data 
 
• Pulsford, S. A. 2016. Reptile agricultural matrix data, eastern Australia 2014 - 
2015. ÆKOS Data Portal: http://doi.org/10.4227/05/57AD6C5071B23 
• Pulsford, S. A. 2017. Amphibian agricultural woodland data, eastern Australia 
2014 - 2015. ÆKOS Data Portal: http://doi.org/10.4227/05/589d45227B2E9 
 
Other 
• Pulsford, S. Examining predation of lizards using clay models in Box-Gum 
Grassy Woodland grazing country. Piece in Ecological Society of Australia 
Bulletin – June 2015 (see Appendix 2) 
• Information to landholders in study including lists of animals found on their 
property, summary of findings and photo id guide of reptiles and frogs (see 
Appendix 4) 
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Appendix 2: Piece published in the ESA bulletin 
 
Examining predation of lizards using clay models in Box-Gum 
Grassy Woodland grazing country 
 
Stephanie Pulsford, Australian National University 
 
Habitat loss and fragmentation due to 
expanded and intensified human land use are 
major drivers of the decline of native species all 
over the world (Barnosky et al., 2011; Hoffmann 
et al., 2010). Improving the ability of native 
animals to move through human dominated 
landscapes allows increased genetic flow and 
reduces the risk of extinction (Soule et al., 2004; 
Baguette et al., 2013). In order to reduce the 
negative effects of fragmentation and risk of 
extinction of native species, improvements in 
landscape connectivity are needed. 
 
An important cost of movement for 
reptiles is increased risk of predation (Matthysen, 
2012; Bonte et al., 2012). The decision to move 
through a landscape is in part a trade-off between 
the risk of predation and the benefits of moving 
to a different location (Matthysen, 2012) . The more direct the navigation across a gap 
and the more shelter along the route, the less the risk (Auburn et al., 2009)? 
My study aimed to determine how predation of reptiles is influenced by four 
landscape elements (paddocks, course woody debris in paddocks, fence-lines and linear 
plantings) in grazing landscapes. I expected that landscape elements that provide less 
shelter (e.g bare grazed paddocks) would have the highest rates of predation.  
 
I focused on the White Box-Yellow Box Blakely Red Gum Grassy Woodland 
community. It is listed as a critically endangered ecological community (EPBC Act). 
224 
 
Management decisions about landscape connectivity are often guided by information 
about other, better studied, taxa such as birds. Reptiles are poor dispersers and have 
many different requirements to the taxa that usually are used to inform decisions. It is 
vital that we gain a better understanding of the movement requirements of these poorly 
dispersing and poorly studied taxa because management recommendations based on 
bird data are unlikely to also apply to small flightless animals. 
 
I placed clay models of a common lizard species (Morethia boulengeri) in four 
transects. Each transect ran half in a remnant of Box-Gum woodland and half in one of 
the four landscape elements. In each transect I placed 20 clay models. The models were 
left for five days and then collected. The bites, marks and movement of the models were 
recorded. Camera traps were also used on a small proportion of the models to get photos 
of the animals that interact with the models. 
 
The preliminary results are not promising in terms of detecting predation risk of 
these small reptiles. The main animals to interact with the models were kangaroos, 
which are obviously not a predation risk to small reptiles. Only one possible predation 
event was observed on the models by a solitary fox. A number of magpies were also 
observed near to the models but no positive predation attempts have so far been 
determined. Careful re-examination of the models is needed to exclude kangaroo and 
other herbivore damaged in order to determine the levels of predation. 
This method may be more beneficial when the models are made to move (Paluh 
et al., 2014), or a method of adding scent to them is devised. 
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